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5.1            Introduction 

    Hydrated mineral trioxide aggregate (MTA) is 
composed of un-hydrated cement particles, 
which acts as a core around which a reaction rim 
of hydration products is formed (Fig.   2.5    ). When 
mixed with water, the tricalcium and dicalcium 
silicate react forming calcium silicate hydrate 
(honeycomb appearance) and calcium hydroxide 
(hexagonal plates) (Fig.   2.6    ), which is leached in 
solution. The presence of calcium hydroxide has 
been verifi ed by X-ray diffraction analysis as it 
produces a typical peak for portlandite at 18° 2 θ  
(Fig.   2.9    ), whilst the leaching of calcium has 
been measured by inductively coupled plasma. 
The particular microstructure of MTA and the 
presence of calcium hydroxide in solution make 
the material susceptible to environmental factors. 
The use of MTA brings it into contact with other 
materials, tissues and fl uids, and a number of 
changes occur within or on the surface of the 
material in various environmental conditions.  

5.2     Effect of Environmental 
Factors on the Set Material 

 MTA has a variety of applications mostly in 
Endodontics. These various uses have been dis-
cussed [ 60 ] and are outlined in Chap.   6    . 

5.2.1     Dental Materials 

5.2.1.1     Glass Ionomer 
 Covering MTA with glass ionomer cement when 
it is used as a pulp capping agent results in physi-
cal changes to the materials at their interface 
(Fig.  5.1a ). A sizable gap has been observed at 
the interface attributed to the movement of water 
out of MTA into the glass ionomer. This move-
ment of water out of MTA can inhibit its hydra-
tion and increases its porosity [ 9 ]. There is no 
evidence that covering MTA with a glass iono-
mer has an effect on the glass ionomer cement 
itself with regard to setting time and setting reac-
tion [ 5 ,  36 ]. However, migration of strontium 
from glass ionomer to MTA has been observed 
[ 9 ], although its effects are unknown.

5.2.1.2        Base Materials 
 Zinc oxide eugenol-based cements are used as tem-
porary fi lling materials and come into contact with 
MTA when it is used for pulp capping. Zinc is a 
retarder of cement hydration [ 47 ], and zinc salts 
form calcium hydrozincate (Ca(Zn(OH) 3 H 2 O) 2 ), 
an insoluble hydroxide in alkaline solution that cre-
ates a coating on MTA particles. In addition, zinc 

        J.   Camilleri ,  BChD, MPhil, PhD, FIMMM, FADM      (*) 
  Department of Restorative Dentistry, Faculty of 
Dental Surgery ,  Medical School, Mater Dei Hospital, 
University of Malta ,   Msida ,  MSD 2090 ,  Malta   
 e-mail: josette.camilleri@um.edu.mt   

    P.   Dummer ,  BDS, MScD, PhD, DDSc, FDSRCS(Ed)      
  School of Dentistry, College of Biomedical 
and Life Sciences, Cardiff University ,   Heath Park , 
 Cardiff   CF14 4XY ,  Wales, UK   
 e-mail: dummer@cardiff.ac.uk  

  5      Reactivity and Environmental 
Factors 

           Josette     Camilleri       and        Paul     Dummer     

http://dx.doi.org/10.1007/978-3-642-55157-4_2#Fig5
http://dx.doi.org/10.1007/978-3-642-55157-4_2#Fig6
http://dx.doi.org/10.1007/978-3-642-55157-4_2#Fig9
http://dx.doi.org/10.1007/978-3-642-55157-4_6
mailto:josette.camilleri@um.edu.mt
mailto:dummer@cardiff.ac.uk


88

oxide retards the hydration of tricalcium silicate, 
although it does not interfere with the tricalcium 
aluminate/gypsum reaction. Zinc is incorporated 
into the calcium silicate hydrate gel phase [ 46 ], and 
the migration of zinc from zinc oxide cement into 
MTA has been reported. Furthermore, MTA in 
contact with intermediate restorative material 
(IRM) (Dentsply Caulk, Milford, DE, USA) exhib-
its a high degree of porosity resulting from incom-
plete hydration (Fig.  5.1b ) [ 9 ].  

5.2.1.3     Composite 
 The shear bond strengths of different composite 
adhesive systems to white MTA has been com-
pared [ 6 ] with the conclusion that an etch-and- 
rinse adhesive system was preferred when placing 
compomer materials upon white MTA because it 
exhibited signifi cantly higher shear bond strength 
values than self-etch adhesive systems. MTA 
used as pulp capping material necessitates the 
layering of MTA with composite for immediate 
restoration of the tooth. The use of bonding agent 
has been shown to reduce gaps at the material 
interface. Contact with both bonding agent and 
composite can reduce the micro-hardness of 
MTA in the early stages of its hydration [ 65 ].   

5.2.2     Intra-canal Medicaments 

 When used inside the root canal for furcal repair 
and apexifi cation procedures, MTA may come 

into contact with medicaments such as non- 
setting calcium hydroxide paste. No consensus 
has been reached on whether the calcium hydrox-
ide in medicaments affects the sealing ability of 
MTA [ 20 ,  58 ]. However, calcium hydroxide does 
create an alkaline environment, which increases 
the porosity and un-hydrated microstructure of 
MTA [ 49 ], although no microstructural changes 
have been observed within MTA following con-
tact with calcium hydroxide paste. On the other 
hand, migration of silicon and aluminium from 
MTA into calcium hydroxide medicaments has 
been observed [ 9 ].  

5.2.3     Intra-canal Solutions 

5.2.3.1     Bleaching Agents 
 MTA has been reported to be more easily dis-
placed when in contact with sodium perborate 
mixed with saline, Superoxol (Sultan Healthcare, 
Hackensack, New Jersey, USA), and sodium 
perborate mixed with Superoxol, whereas IRM 
was not affected by the treatments used clini-
cally for tooth bleaching [ 34 ]. Bleaching agents 
have also been shown to affect the elemental dis-
tribution of MTA [ 64 ]. A decrease in calcium 
and an increase in silicon were observed, and 
this tendency was especially pronounced when 
higher concentrations of hydrogen peroxide 
were used. The acidic conditions induced by 
bleaching agents also deteriorate the surface of 

a b

  Fig. 5.1    ( a ) Interaction of glass ionomer cement with 
MTA leading to failure of glass ionomer and ( b ) layering 
of MTA with zinc oxide eugenol with a resultant 

 retardation of setting of MTA (Reprinted from Camilleri 
[ 9 ], copyright 2011, with permission from Elsevier)       
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MTA. Overall, these fi ndings suggest that MTA 
is not an effective barrier during tooth bleaching 
and should be protected by a more suitable 
material.  

5.2.3.2     Chelators 
 Calcium chelators used as irrigating solutions 
affect the strength and microstructure of MTA. 
It has been reported that ethylenediaminetet-
raacetic acid (EDTA) signifi cantly reduced the 
hardness and fl exural strength of MTA compared 
with distilled water. Indeed, when in contact with 
EDTA, set MTA had a reduced Ca/Si molar ratio, 
a reduced calcium hydroxide production, lack of 
biocompatibility and reduced micro-hardness 
[ 31 ]. Therefore, after use of EDTA in the root 
canal system, a fi nal fl ush with distilled water is 
advocated before placement of MTA [ 1 ]. EDTA 
and BioPure MTAD (Dentsply, Tulsa Dental 
Specialities, Tulsa, Oklahoma, USA) decreased 
the sealing effi cacy of MTA 24 h after placement 
to suggest it may be benefi cial to seal furcal 
repair sites where MTA has been used with a pro-
tective lining material before commencement of 
chemo- mechanical root canal preparation [ 66 ].  

5.2.3.3     BioPure MTAD 
 BioPure MTAD-treated MTA surfaces exhibit 
greater surface roughness and more calcium loss 
when compared with EDTA treatment. 
Decomposition of the particle-binding hydration 
phases by acid erosion raises potential concern 
over the strength and sealing properties of MTA- 
repaired perforations following fi nal irrigation 
using BioPure MTAD [ 57 ]. The seal of MTA 
used to repair root perforations has been reported 
to be negatively affected by irrigating solutions. 
Fluid conductance was affected by the type of 
irrigating regime used with mixtures of sodium 
hypochlorite and EDTA/MTAD resulting in 
increased leakage using the fl uid fi ltration method 
to assess sealing ability of MTA [ 66 ].  

5.2.3.4     Sodium Hypochlorite 
 NaOCl is used routinely as an irrigant in root 
canal treatment. Interestingly, its interaction 
with MTA has not been investigated extensively. 
However, NaOCl has been shown to enhance the 

push-out bond strength of MTA in the early 
stages of hydration [ 26 ]. MTA exhibits dark 
brown discoloration in contact with sodium 
hypochlorite solution [ 10 ], (Fig.  5.2 ). It is pos-
tulated that since sodium hypochlorite is 
reduced to sodium chloride, the oxygen present 
can destabilise the bismuth oxide in MTA ren-
dering it reactive with the atmospheric carbon 
dioxide to be converted to bismuth carbonate, 
which is light sensitive and thus turns black 
when exposed to light. The sensitivity of MTA 
to different light sources has been demonstrated 
[ 67 ,  68 ].

5.2.4         Root Canal Sealers 

 MTA in contact with formaldehyde exhibits black 
discolouration Marciano MA, Hungaro Duarte 
MA University of Bauru (Personal 
Communication). Formaldehyde is released from 
resin-based sealers containing hexamethylenetet-
ramine, such as AH 26, and Sealer 26 as a result 
of a chemical reaction between bisphenol A resin 
and hexamethylenetetramine.  

  Fig. 5.2    Photograph of dried bismuth oxide powder after 
immersion for 24 h in sodium hypochlorite solution, 
showing surface crystalline deposits       
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5.2.5     Acid Etching 

 It is well known that exposure of MTA to a low 
pH environment will infl uence its physical and 
chemical properties [ 14 ,  70 ]. It is therefore not 
surprising that in the laboratory environment 
application of acid etch has adverse effects in the 
short term, on the push-out bond strength [ 56 ], 
porosity, micro-hardness [ 37 ] and compressive 
strength [ 28 ] of MTA, suggesting it would be bet-
ter to postpone restorative procedures to allow 
more advanced hydration of the cement. Over 
longer time periods after placement, the applica-
tion of etchants on some brands of MTA does not 
appear to affect its compressive strength [ 29 ]; 
however, other brands were more susceptible to 
etchant and have a reduced strength. 

 Following the laboratory evaluation of acid 
etchant on various materials [ 44 ], it was con-
cluded that etching of MTA did not improve its 
shear bond strength to composite resin and that 
the surface etching of MTA was not necessary 
prior to composite placement using a total-etch 
adhesive resin. Furthermore, it is advised that 
when MTA is used in vital pulp therapies, it is 
better to cover the material with glass ionomer 
cement. However, it must be emphasised that 
these reports are based on laboratory investiga-
tions and that clinical trials have not been reported 

on the use and effects of acid etchant on MTA in 
a clinical setting. 

 The effects of exposing MTA to acid etching 
have been demonstrated by SEM analysis. In 
general, a selective loss of matrix from around 
the crystalline structures of MTA has been 
observed resulting in a relatively uniform ‘hon-
eycomb’ pattern without penetrating deeply or 
removing substantial amounts of cement. In addi-
tion, etching has revealed crystalline structures 
such as plate-shaped and laminated crystals on 
the MTA surface; however, needlelike crystals 
have been reported to be missing (Fig.  5.3a, b ) 
[ 28 ]. Further investigation on the material micro-
structure after exposure to acid etch in order to 
identify crystal morphology is necessary. The 
signifi cance of these morphological changes is 
unclear.

5.2.6        Blood 

 The contamination of MTA by blood has been 
investigated in a number of laboratory studies in 
terms of the effect on its physical properties, leak-
age, displacement, marginal adaptation and 
colour. There is little doubt that blood contamina-
tion on the surface of MTA and, in particular, 
when incorporated into the material is detrimental 

a b

  Fig. 5.3    ( a ) Intact    surface of unetched mineral trioxide 
aggregate after 24 h. Irregular needlelike crystals that 
cover globular formulations ( a ) and cross sections of sev-
eral micro-channels ( b ) can be seen (mag. 500×). ( b ) 
Etched enamel surface after 24 h. Selective loss of matrix 

from around the crystalline structures and relatively uni-
form honeycomb etched pattern with minimal loss of the 
cement can be seen. No needlelike crystals were observed 
(mag. 500×) (Reprinted with permission from Kayahan 
et al. [ 28 ]. © 2009  International Endodontic Journal )       
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to its hydration and thus its ultimate physical 
properties and performance. Unfortunately, MTA 
is often placed in contact with vital tissues that 
   ooze blood/serum (pulp capping) or in situations 
where blood pools on its surface (root-end fi lling), 
and the impact of blood contamination is impor-
tant and must be minimised. 

5.2.6.1     Physical Properties 
 Mixing MTA with blood has a negative effect on 
its surface hardness, microstructure [ 41 ] and 
compressive strength [ 42 ]. Essentially, it has 
been reported that when blood becomes incorpo-
rated into MTA, its compressive strength is 
reduced with the result that in clinical situations 
in which blood becomes mixed with MTA, its 
physical properties are likely to be compromised 
[ 42 ], even when used with accelerators [ 43 ]. 

Similar effects have been reported when foetal 
bovine serum was used to contaminate the sur-
face of MTA [ 30 ]. 

 The hydration state of MTA mixed with blood 
has also been reported [ 39 ] with specimens par-
tially mixed with blood being more completely 
hydrated than those mixed entirely with blood and 
less than specimens hydrated completely with 
water. Lack of formation of the crystalline calcium 
hydroxide in the early stage of the hydration pro-
cess and the absent of acicular crystals, character-
istic of ettringite crystals, in blood- contaminated 
specimens are common fi ndings (Fig.  5.4 ).

5.2.6.2        Leakage 
 In laboratory studies, it has been reported that 
blood contamination of the surface of MTA 
increases leakage of root-end fi llings when using 

a

c

b

  Fig. 5.4    Scanning electron    microscopy images of min-
eral trioxide aggregate specimens mixed entirely with 
water ( a ), partially ( b ) and entirely ( c ) with whole, fresh 
human blood. Porosity ( i ) and presence of cross sections 

of micro-channels ( ii ) can be observed (Reprinted with 
permission from Nekoofar et al. [ 39 ]. © 2011  International 
Endodontic Journal )       
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tracer dyes [ 25 ]. An earlier study did not exhibit 
any leakage when root-end restorations were 
contaminated with blood and leakage was 
assessed using dyes [ 63 ].  

5.2.6.3     Displacement 
 The push-out bond strength of MTA in the pres-
ence of blood contamination when used as a per-
foration repair material has been shown to be 
reduced [ 2 ,  69 ]. Conversely, other researchers 
reported increased values [ 45 ].  

5.2.6.4     Marginal Adaptation 
 It has been reported that exposure to blood during 
setting has a negative effect on marginal adapta-
tion of MTA [ 52 ].  

5.2.6.5     Colour 
 Contamination of MTA with blood has been shown 
to have an adverse effect on tooth colour [ 33 ]. 

 In summary, it is likely that the detrimental 
effects of blood on MTA will have a negative 
impact on its physical characteristics and thus on 
its performance in a variety of laboratory tests. 
From a clinical perspective it seems sensible to 
avoid blood contamination if possible.   

5.2.7     Bone Grafting Materials 

 Demineralised and mineralised graft materials 
appear to have a differential effect on the micro- 
hardness of white MTA. White MTA micro- 
hardness values when in contact with Bio-Oss 
(Geistlich Pharma, Princeton, New Jersey, USA), 
MinerOss (BioHorizons, Markham, Ontario, 
Canada) and Puros (Zimmer Dental, Carlsbad, 
California, USA) have been reported to be lower 
than those for OraGraft (Salvin Dental Specialities, 
Charlotte, North Carolina, USA) and control 
groups regardless of incubation period [ 53 ].  

5.2.8     Variable pH 

 A number of laboratory studies have evaluated 
the physical properties of MTA specimens fol-
lowing exposure to a range of acidic environ-
ments during hydration on the basis that in some 

situations the tissues or fl uids that come into con-
tact with MTA are acidic. The mean pH of pus 
from periapical abscesses was generally acidic, 
although some samples were neutral and some 
were alkaline [ 40 ]. It has been reported that sur-
face hardness of MTA was reduced in an acidic 
environment [ 37 ] as is push-out strength [ 56 ]. 
Leakage of root-end fi llings has also been 
reported to be affected by low pH [ 50 ]. The effect 
of acidic environment on the dislodgement resis-
tance of MTA when used as a perforation repair 
material has been compared, and it was con-
cluded that its dislodgment resistance was sig-
nifi cantly reduced after exposure to acid [ 23 ]. 
Alkaline pH has also been reported to have a 
negative impact on push-out strength [ 51 ], sur-
face hardness and porosity [ 49 ].  

5.2.9     Saliva 

 Since MTA is known to have relatively poor 
physical properties in terms of strength and wear 
resistance, it has never been recommended for 
use when in contact with saliva. Thus, the con-
tamination of MTA with saliva is unlikely in most 
situations, but may occur if the material is used to 
repair perforations that communicate with the 
mouth, i.e. in perforations occurring within peri-
odontal pockets. Despite this, a number of labo-
ratory studies have been conducted on salivary 
contamination of MTA with confl icting results. It 
has been reported that saliva reduces [ 24 ], 
increases [ 36 ] or has no effect [ 25 ] on leakage of 
MTA when used as a root-end fi lling material. 
The leakage of MTA when exposed to saliva and 
used as an orifi ce barrier [ 71 ] and an orthograde 
fi lling material [ 3 ] has also been evaluated with 
confl icting results. Overall, it must be remem-
bered that the validity of leakage studies has been 
questioned and the conclusions of these and other 
similar studies are likely to be meaningless.  

5.2.10     Tissue Fluid and Simulated 
Tissue Fluid 

 Mineral trioxide aggregate used as a root-end fi ll-
ing comes into contact with tissue fl uid before 
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complete hydration is achieved. When MTA is in 
contact with tissue fl uid, the setting time is extended 
and in certain cases the material may not set at all 
[ 11 ,  19 ]. Immersion in tissue fl uid has been reported 
to result in incomplete setting of MTA as the pres-
ence of phosphates in solution retards its hydration. 
The retardation is induced by the formation of 
insoluble hydroxides in the alkaline solution. The 
insoluble hydroxides form a coating over the 
cement particles. The adsorption of phosphate ions 
on the surface of the clinker phase or on the hydra-
tion product is thought to result in the precipitation 
of calcium phosphates [ 46 ]. Glucose, which is 
present in Hank’s balanced salt solution, is also a 
known retarder of cement hydration [ 46 ]. 

 The retardation of setting is apparent under 
the scanning electron microscope when the sur-
face microstructure of MTA in contact with 
Hank’s balanced salt solution was investigated. 
MTA in contact with simulated body fl uid exhib-
its no evidence of hydration (Fig.  5.5 ). The 
cement in contact with simulated body fl uid 
exhibits micro-cracking, which is caused by 
expansion of the cement [ 11 ].

   When set MTA is stored in Hank’s balanced 
salt solution, the pH of the storage solution 
becomes less alkaline. This could be due to the 
presence of buffers in simulated body fl uids. 
These buffers are added to these solutions to 
maintain their pH. Regardless of the less alkaline 
pH, calcium ion release has been demonstrated in 
Hank’s balanced salt solution. The leaching of 
calcium is higher in simulated body fl uid than in 
distilled water both when tested after 1 day of 
immersion and at 28 days of material contact 
with the solution [ 8 ,  17 ]. 

 The compressive strength of MTA stored in 
Hank’s balanced salt solution is lower than when 
stored in a humid environment or immersed in 
water [ 18 ]. The dimensional stability of MTA 
in contact with different soaking solutions has 
been investigated and a net expansion has been 
reported when the materials were placed in con-
tact with physiological solutions [ 8 ,  59 ]. MTA 
materials achieved approximately half of their 
fi nal linear setting expansion by 300 min, with 
approximately 75 % of expansion occurring by 
460 min and the fi nal 25 % of total expansion 
occurring between 460 min and 24 h [ 59 ].  

5.2.11     Effect on Dentine and Pulp 

 MTA releases calcium hydroxide as a by-product 
of hydration. The calcium hydroxide has a bene-
fi cial effect on the pulp, and dentine bridge for-
mation has been reported. Random controlled 
clinical trials have shown that MTA is associated 
with the best clinical outcomes when used as a 
pulp capping material and for apexifi cation/apex-
ogenesis procedures (as discussed in Chap.   3    ; 
Table   3.1    )   . The metallic ions released by set and 
setting MTA when placed clinically, may release 
dentine matrix components that potentially infl u-
ence cellular events for dentine repair and regen-
eration [ 61 ]. 

 When in contact with dentine, MTA altered 
the toughness more than the strength and stiff-
ness of dentine after ageing in 100 % relative 
humidity. Dentine toughness is attributed to its 
collagen matrix; thus, MTA seems to affect the 
dentine collagen matrix [ 54 ]. Prolonged contact 
of mineralised dentine with MTA has an adverse 
effect on the integrity of the dentine collagen 
matrix. However, the amount of collagen 
extracted was limited to the contact surface. 
Clinicians are thus advised to use MTA with 
caution when it is applied to thin dentinal 
walls [ 32 ]. 

 Along the material-dentine interface, MTA 
forms a taglike structure that is composed of 
either Ca- and P-rich crystalline deposits or 
the material itself. The width of a Ca- and 
Si-rich layer detected along the dentine layer of 
the material-dentine interface increases over 
time [ 21 ]. The selective diffusion of silicon, 
 calcium and phosphorous across the cement-
dentine interface has been demonstrated [ 16 ]. 
The  movement of calcium is diffi cult to show 
using scanning electron microscopy and elemen-
tal mapping since calcium is present in both 
the material and dentine. However, elemental 
migration is clearly shown across the interface 
(Fig.  5.6 ). Together with calcium, silicon and 
phosphorus, migration of bismuth is also 
evident. Migration of bismuth into dentine can 
be problematic as bismuth oxide has been 
shown to react with collagen resulting in a 
change in colour of both MTA and the tooth 
[ 35 ] (Fig.  5.7 ).
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5.2.12         Chemical Reagents 

 Subjecting MTA to phosphate-buffered glutaralde-
hyde, a reagent used routinely for fi xing cells in 
biocompatibility studies, results in the production 
of calcium phosphate crystals, which are deposited 

on the MTA surface [ 12 ]. The structure of set MTA 
is severely affected when  subjected to acidic dyes 
such as rhodamine B used to test its sealing ability. 
The use of rhodamine B as a tracer increased the 
apparent leakage of MTA as the acidity affected the 
material and the dye preferentially passed into and 

a b

c d

e f

  Fig. 5.5    Scanning electron micrographs of MTA stored 
in different environmental conditions ( a ,  b ) dry, ( c ,  d ) 
immersed in water ( e ,  f ) immersed in HBSS. ( a ,  c ,  e ) 
Depict the outer region whilst ( b ,  d ,  f ) the core region 

(Reprinted from Camilleri et al. [ 11 ]. © 2013  International 
Endodontic Journal . Published by John Wiley & Sons 
Ltd)       
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a b

  Fig. 5.7    ( a ) Labial surface of bovine tooth fi lled with 
MTA showing grey staining highlighted in the dotted rect-
angle; ( b ) section through tooth showing marked dentin 

staining. The dark discolouration was concentrated near 
dentin surface (Reprinted from Marciano et al. [ 35 ])       

  Fig. 5.6    Scanning    electron micrograph of MTA to tooth interface and elemental maps for bismuth, calcium, silicon and 
phosphorus showing elemental migration from the MTA to the tooth at the interface         

through it rather than along the tooth to material 
interface [ 14 ]. Furthermore, subjecting MTA to 
critical point drying, which is also a routine proce-
dure used to dry cells for biocompatibility studies 
using osteoblasts, results in changes to the MTA 
surface. Critical point drying uses high tempera-
tures, pressure and carbon dioxide to dry the mate-
rial. This reacts with the calcium hydroxide 

depositing calcium carbonate over the MTA sur-
face. Due to the low pressure, the calcium carbon-
ate is deposited in various crystalline forms, 
namely, as calcite vaterite and aragonite [ 13 ]. 
Changes on the surface of set MTA have also been 
reported in the presence of foetal bovine serum 
with the material surface having a homogenous 
distribution of chemicals and a relatively smooth 
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globular appearance. The surface of the MTA/
water was biphasic, containing large hexagonal 
crystalline plates composed of calcium embedded 
in a pool of globular crystals [ 60 ]. In addition, a 
recent study investigating the setting of MTA 
Angelus and ProRoot MTA in the presence of foe-
tal bovine serum demonstrated a lack of hydration 
in contact with the solution [ 30 ]. The micro-hard-
ness of MTA was adversely affected when the 
material was placed in contact with foetal bovine 
serum [ 27 ]. The glucose leakage model was shown 
to be inappropriate for use with MTA and related 
materials as MTA reacts with the glucose thus pro-
ducing erroneous results for sealing ability [ 55 ].  

5.2.13     Exposure to Air 
and Distilled Water  

 The calcium hydroxide produced as a by-product 
of hydration is susceptible to reaction when 
exposed to air and water or other liquids. When 
MTA is placed in water, it leaches calcium ions in 
solution [ 7 ] and the surface is modifi ed. When 
viewed under the scanning electron microscope, 
MTA pastes show patterns of leaching, which are 
not uniform throughout the material surface. The 
surface area in contact with the fl uid is strongly 
leached with no calcium hydroxide present and the 
calcium silicate hydrate is substantially decalcifi ed 

(Fig.  5.8a ). In the region approximately 200 μm 
from the surface, the leaching is less evident 
(Fig.  5.8b ) [ 7 ]. Humidity signifi cantly increased 
the push-out strength of MTA fi llings [ 19 ].

   MTA immersed in saline solution exhibits no 
crystalline deposits on its surface [ 4 ]. In distilled 
water, the material surface exhibits cubic crystals 
containing approximately 17 % calcium, 66 % oxy-
gen and 17 % carbon. Phase analysis has revealed 
the presence of calcium hydroxide in the precipitate 
as well as calcium carbonate [ 22 ]. The surface car-
bonation of MTA exposed to air in humid conditions 
has not been well documented. This phenomenon is 
well known in the concrete industry where concrete 
structures undergo surface carbonation. Carbonation 
occurs on the surface of a Portland cement-based 
material when the carbon dioxide present in the air 
reacts with the calcium hydroxide produced by the 
cement with calcium carbonate being deposited over 
the surface (Fig.  5.9 ). Clinically, this would imply 
that the material surface is likely to be modifi ed with 
less calcium hydroxide being available for reaction 
with tissue fl uid. In summary, it is important to avoid 
surface carbonation of MTA.

5.2.14        Storage Temperature 

 Set MTA surface hardness is affected by storage 
temperature with lower temperatures leading to 

a b

  Fig. 5.8    Cross se   ction through hydrated MTA showing 
( a ) the surface area in contact with the fl uid that was 
strongly leached with no calcium hydroxide present and 
the calcium silicate hydrate was strongly decalcifi ed; 
( b ) less leaching evident in the region approximately 

200 μm from the surface.  PC : cement particle;  CH : cal-
cium hydroxide;  C-S-H : calcium silicate hydrate;  Bi : bis-
muth oxide (Reprinted with permission from Camilleri 
[ 7 ]. © 2008  International Endodontic Journal )       
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a decreased micro-hardness value. More voids 
and a disorganised fl ake-like topography were 
observed in specimens stored at 4 °C in com-
parison with those stored at 25 and 40 °C. Phase 
analysis evaluated by X-ray diffraction revealed 
differences in the material stored at low tem-
peratures [ 48 ] with a reduction in peak intensity 
at 29.3° 2 θ  using a copper tube. The reduction in 
intensity was caused by a decreased amount of 
calcium silicate hydrate since the hydration pro-
cess slows down at lower temperatures. Since 

calcium silicate hydrate is amorphous, a reduc-
tion in peak intensity at 29.3° 2 θ  would imply 
hydration of the tricalcium silicate to calcium 
silicate hydrate rather than the opposite. 
A reduction in temperature would in fact slow 
down the hydration process [ 15 ]. The slowing 
down of hydration was evident from the absence 
of the portlandite peak at 18° 2 θ  which was not 
reported by the authors [ 48 ]. The low tempera-
tures also reduced the production of calcium 
hydroxide.   

  Fig. 5.9    Scanning    
electron micrographs 
showing carbonation of 
MTA surface. The calcium 
carbonate deposited on 
the material surface may 
take various distinctive 
shapes ( a – f )           

a

b
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c

d

Fig. 5.9 (continued)

J. Camilleri and P. Dummer



99

    Conclusions 

 Set mineral trioxide aggregate is composed 
primarily of calcium silicate hydrate, cal-
cium hydroxide and bismuth oxide with some 
minor inclusions of ettringite and monosul-
phate phases. Both the presence of calcium 
hydroxide and bismuth oxide present in the 
set material affect the reactivity of MTA. The 
multifaceted clinical use of MTA brings the 
material in contact with other materials used 

in both Restorative Dentistry and Endodontics 
together with the different environment it is 
placed in during use, namely, blood and tissue 
fl uid when used as a root-end fi lling material 
and the temperature and pH of the environ-
ment. MTA is adversely affected mostly by 
the different environmental factors and con-
tact with dental materials exhibiting reduced 
or  incomplete hydration, increased porosity, 
retardation of setting, reduced strength and 

e

f

Fig. 5.9 (continued)
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micro-hardness and reduced sealing abil-
ity. In turn, MTA reduces dentine toughness 
as it affects the integrity of the dentine col-
lagen matrix. The bismuth oxide causes both 
material and tooth discolouration. MTA is 
also adversely affected by materials used in 
in vitro testing demonstrating retardation in 
setting and surface carbonation.     
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