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Background: Poly(methyl methacrylate) (PMMA) ietmaterial of choice for denture
base construction because of its many good qualitiewever, PMMA suffers from
polymerization shrinkage and low strength, andlitsv water absorption causes serious
warpage and dimensional change in the materialed@bg: This study aimed to
evaluate the effect of nano-barium titanate (NBT9lusion on the water absorption,
polymerization shrinkage, and surface hardnessMi¥IR denture base. Results: The
PMMA composites showed lower water absorption aigirperization shrinkage than
pure PMMA. The density of the PMMA composites wasréased by 5%, and a
marked improvement in surface hardness was obseoredhe filled samples.
Conclusion: NBT inclusion considerably reduced theater absorption and

polymerization shrinkage, as well as improved theage hardness and density, of
PMMA. Such enhancements could promote the longefitiie composites.

INTRODUCTION

Dental polymer composites expansively utilizeddastal fillings have gained a more significant iaiten
than denture base composites (Elshereksil., 2014a). Despite improvements in their qualitiestorative
composite resins still suffer from mechanical sgtendeficiencies, lack of radiopacity, and polymation
shrinkage (PS). Thus, advanced research has foousedaluating and improving composite resins bitate
materials with a high strength and low PS. Previsuslies have reported that a processing methodbeay
employed to reduce distortion in denture base ¢akion.(Kobayashét al., 2004).

Dental composites undergo PS because of the caiomenf intermolecular van-der-Waals forces to &ng
covalent bonds during polymerization (Miab al., 2012). Shrinkage of 21% occurs when the monomer
polymerizes. A mixture of a powdered polymer (podymerized PMMA particles) and a monomer is used to
minimize this shrinkage. The dissolution of theymoeér in the monomer results in the formation oflastic
dough. The powder/liquid (P/L) ratio of 3:1 redudbs PS to 7% because a portion of the polymeadnati
occurs when the denture reaches a solid statehvtiiibits shrinkage (Kwoet al., 2014). The development of
volumetric contraction by resin composites is cdogted by the effects of several factors, including
polymerization degree, monomer functionality armksand filler type, amount, and morphology (Bosiral.,
2013). However, shrinkage leads to tensile forcéhimnvthe material at the filler—matrix interface at the
interface of dental composites (Satterthwattal., 2012). Even minor clefts increase water absonpiito the
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interface of the two phases of composites and iademrrosion effects, which reduce the strengthhef t
materials (Soance al., 2011). The deleterious clinical effects of skage—stress are due to the alteration of
the final fit of the denture. Although the positieffect of filler impregnation on shrinkage redoctiis well
established (Razak and Harrison 1997, Sudheer amjudath 2011, Wang al., 2015), others reported that
increasing the filler content is insufficient toduee the overall shrinkage of composites (Bagiral. 2013).
Acrylic dentures in an aqueous oral environmenbdbsvater, which lead to tHaeakdown of the polymer and
the debonding of the filler from the matrix substan ultimately reducing thdongevity of composite
restorations (Yoshidet al., 2016).

Hardness is an important physical property of licmesins. This property enables these materialbet
used for manufacturing denture bases that resise$p such as those arising from occlusion and arecél
denture cleansing, thereby increasing the longenfitdental prostheses (Farisaal., 2012). Hardness is the
resistance of a material to plastic deformatioricgtly measured under an indentation load. Theritat®on is
imaged, and then the indentation area is measurdctalculated to determine the hardness value. i¢asd
values have been used to predict the wear resest@anmany restorative materials. In general, a nateith a
high surface hardness is wear resistant (Advedl, 2015). However, a correlation between surfacdriess and
wear resistance remains to be established (Suwemmetral., 2011).

Nanomaterials with a small particle size and ahhgpecific surface area show unique physical and
mechanical properties (Kangbal., 2013). Filler content not only directly determéthe mechanical properties
of composite resins but also allows for a reductiomonomer content. It improves the handling praps and
influences the wear resistance, opalescence, radigpintrinsic surface roughness, and polishgbdif resins
(Ibarraet al., 2015). Resins composed of this type of participrove the surface finish and longevity of the
material (Mousavinasab 2011). In this study, naaddm titanate (NBT) is used as a dental fillerdese of its
favorable mechanical properties and excellent bigaatibility (Ciofaniet al., 2013). To date, no study has been
conducted on the dental applications of NBT. Thanef this study aimed to evaluate the effect of NBT
inclusion on the hardness, water absorption, andfP81MA denture base composites.

MATERIALS AND METHODS

Materials:

The solid components consisted of PMMA (molecwaight: 996,000 GPC) and 0.5% benzoyl peroxide
(BPO). The liquid component comprised methyl metylate stabilized with 0.0025% hydroquinone and the
cross linking agent 10% ethylene glycol dimethaatie/(EGDMA). NBT supplied in powder form constittite
the filler. These materials were purchased frommaigAldrich (USA). The titanate coupling agent KR dr2
isopropyl tri[di(octyl) phosphato] titanate (Figut® was supplied by Kenrich Petrochemicals (Bayoht#A).

CHj ﬁ
CgHq7
CH3—CH-O-Ti o-pZ

CgHqz

3
Fig. 1: Chemical formula of KR 12; or Isopropyl tri[di(gtX phosphato] titanate.

Methods:
Surface modification of NBT:

5 g of NBT was added to 100 mL of acetone followgdkR 12 under stirring for 45 min. The mixturesva
maintained under sonication for 30 min at room terajure for deagglomeration. The slurry was stiford30
min and then the temperature of the mixture waseamed up to 80 °C to remove the solvent. Findlig,
modified NBT was dried for 24 h in a vacuum overi2® °C.

Sample preparation:

Various ratios (1, 3, 5, 7, and 9 wt.%) of theatesl filler were used. Control samples comprisek pu
PMMA. Modified NBT was added to the liquid part (MMmonomer and 10% EGDMA) under continuous
stirring to realize complete wetting of the fillsurface and then sonicated for 20 min. The mixtwvess
transferred to the stirrer before adding the sotichponents (PMMA and 0.5% BPO) and mixing by hare
P/L solution in a 2.5:1 ratio was mixed until theudh stage was reached. The mixture was kneadepzaked
into the prepared molds. Trial closure was perfar@iea low pressure, and excess materials werevend he
molds were clamped and pressed under 14 MPa at temyperature for 25 min to allow proper penetratbn
the monomer into the polymer, even flow of the mateand outward flow of the excess material. Thelds
were immersed in a water bath at room temperatugethermostatically controlled water bath. Thegerature
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was slowly raised to 75 + 1 °C for 90 min and tidevated to the boiling point for 30 min. The moldsre
allowed to bench cool before opening. The curedpsasnwere carefully removed from the molds, theessc
flush was eliminated, and the specimens were padishith a fine sand paper. The adopted procedures a
consistent with the prescribed standard method pf@paring a conventional denture base in the dental
laboratory.

Field-emission scanning electron microscopy (FESEM):

The morphology of the NBT in powder form was sadliusing FESEM (Supra 55VP). Samples were
prepared through dispersion, and one drop wastpgbento a carbon support film on a 3 mm coppet. githe
acceleration voltage used was 5.K\he image files were processed on more than aétiies.

Determination of Composites Density:

The density of the test specimens was determmedgéordance with the ASTM D 792 water-displacement
method (Method A). A densitometer (model MS204SA04% used to measure the weight of the sampless in a
and in distilled water. The density of the specimas calculated using the following equation:

p =W/ (Wi—Wy) 1)
where W and W are sample weights in air and water, respectivEhe density of NBT as quoted by
manufacturers is 6.08 g/ém

Water Absorption Test:

The water absorption test was conducted in acogslwith ISO 1567-2000 specifications. The specsnen
were cut to 1-1.2 g using a band saw and thenhwalisvith sand paper grades p1200 and p2000 to rapro
their surface finish and remove cutting marks. Bpecimens were prepared for each material. Theirapas
were dried in a vacuum oven at 37+1 °C for 24 h tnaeh stored in a desiccator containing silicafge4 h
prior to immersion in distilled water. The specirsemere weighed using an analytical balance wittear
reading of 0.0001 g. Afterward, the samples wemnémsed in distilled water at 37+1 °C and weigheaérat,
15, 30, 45, and 60 days. The change in weight ptages was calculated using the following formula:

Change in weight (%) = W, =W, , 100 (2)
W0
where W and W, being the weight of the samples before and aftenémsion respectively

Polymerization shrinkage (PS):

PS was calculated from the densities measuredcaordance with Archimedes’ principle. Uncured
specimens were removed from the mold and weighegriand in distilled water with an electronic bate
accurate to +0.0001 g. Afterward, the same proa=iwere repeated with heat-cured specimens inex wath,
and the density of each specimen before and afténg-was calculated using Eq. (1). Finally, the ®#®ach
specimen was calculated using the following forn{Mieanget al. 2015):

Peured — Puncured

PS (%) = x 100 3)
Prured ) ) ) )
where pyncured = the density of the uncured specimen (6)cmcured = the density of the cured specimen

(glcnt).

Surface Hardness Test (VHN):

The hardness test was applied in accordance W&hAISTM E 384-89 standard. A calibrated Vickers
hardness Tester (Shimadzu DUH-W201S) was usedrée f@ diamond indenter of 0.3 Kgf for 15 s into the
polished surface of the sample and to measureidigeaal length optically. The hardness test watop@ed on
several samples for all formulations of compositas] the average of five readings at different {goimas
obtained for each formulation of the composite dasprhe Vickers hardness was computed using Bgaid
the prediction of hardness was theoretically cal@d via the rule of mixture (ROM) in Eg. (5):

HV = 1.854%/c? )
where P = load, kgf, andl = mean two diagonals of indentatiopashd d, mm,.
He = HiVim + HiV¢ (5

where subscripts ¢, m, and f refer to the compositatrix, and filler, respectively; H stands fardiness;
and V denotes volume fraction.

RESULTS AND DISCUSSION

Dispersed phase characteristic:

With the development of polymeric dental compasiteeveral works have focused on the optimization o
filler types, compositions, and loading. This op#ation has led to the enhancement of the physical—
mechanical properties of fillers (Waegal. 2015). Particle size is an important factor iafiaing the properties
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of the resultant composite. Small filler sizes cifmite toward good surface polishing and, consetiyemigh
gloss. Size reduction allows for clogarticle packing, which facilitates the fabricatiohresin composites with
a high filler volume fraction and good aesthetiopg®rties without compromising their mechanical avehr
characteristics (Masourasal., 2008).

Nanocomposites reportedly possess improved mezdilaphysical, and optical characteristics (Sideuiet
al., 2011). A decrease in filler particle size witk@nstant filler volume fraction enlarges the scefarea of the
dispersed phase and then increases the probabdtraioh upon the matrix phase. Thus, stress isrémhe
proportional to filler particle size for this factoFiller particles are constrained by the matripd aundergo
translation and rotational movement, thereby relgxétress within the material (Satterthwadteal. 2012).
However, the same study presented a controvemsdih§, that is, composites with small filler paftis exhibit
a high shrinkage because of the effect of parthkgpe.

In the present study, NBT was used as a reinfgriifler to improve the properties of PMMA. The igal
structure of the filler is presented in Figure 2icMscopy is the only method in which the sizesnafividual
particles are directly observed and measured (Aldtal., 2011). The FESEM image of the filler in powder
form was obtained at 80.000x magnification. The NHIEr is composed of a fine powder that contains
spherical particles. These particles promote goedhanical adhesion between the filler's particled the
matrix. Satterthwaiteat al. (2012) described that spherical filler partictésplay better property enhancement
and lower shrinkage—stress values than irreguléer fparticles. Spherical particles also providefanmn
distribution, which maintains dimensional stability addition, the capability of the dispersed gh&s move
within the matrix and relax stress increases assgieericity of the dispersed phase increases. A&nattudy
reported that the presence of spherical filler ipled affects the microfracture mechanisms of dergain
composites and increases the bending strength raotufe toughness at a high rate for elastic madulu
(Mousavinasab 2011).

Fig. 2: FESEM image of the NBT nanoparticles.

Data on particle size were obtained after countimege than 500 particles distributed on approxityet8
FESEM images. Data on particle size and size Higinn can be represented in either a tabular aptgcal
form. Particle size distribution was plotted on bHasis of the particle size extracted from the FASBages. A
number—frequency histogram presents particle sim its distribution. A histogram is a bar graphttha
illustrates the frequency of occurrence versus dize range (Carpentet al., 1998). Figure 3 shows the
number—frequency histograms of particle size datandreds of particles could be measured to present
statistically reliable mean size data. For instanoeasuring 500-1000 grains has been proposed t&inob
optimum sample size (Akbagt al. 2011).

Effect of Filler Content on Composite Density:

Density is an important physical property of démamposites. Table 1 presents the densities oé pur
PMMA and reinforced PMMA composites. The table shdhat the density of the PMMA composites slightly
increased after the filler was incorporated. Thghslincrease in density may be attributed to thmalkfiller
amount in the composites. Furthermore, an incremdensity is expected because the density of NBfiigher
than that of PMMA (i.e., 6.08 g/chh When theywere blended, the density of the PMMA composites wa
between both components and increased with inerg®BT content. This result is consistent with pinevious
findings that the composition density of compositebnearly related to the increase in filler pemtage (Rojek
et al., 2011, Elsherekst al., 2014b).
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In general, the material used to produce a dettase should have a low specific gravity value bsedhe
denture base should be as light as possible. Tdreredin increased denture density is consideredsinadle
especially for the upper denture base becausewy ldeature base would be wobbly in the patient’sithand
would drop down during use.
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Fig. 3: Number-frequency histograms of NBT particle sizstribution. The particle size data is based on the
FESEM images analysis of more than 500 particles.

Table 1: Effect of NBT content on the density of the PMM@#neposites compared with the PMMA matrix.

Formulations Densitypf) (g/cn?) Increase in density (%)
PMMA matrix 1.189 0

PMMA + NBT 1% 1.193 0.3

PMMA + NBT 3% 1.209 1.7

PMMA + NBT 5% 1.225 2.9

PMMA + NBT 7% 1.238 4

PMMA + NBT 9% 1.256 5

Water absorption:

Dental composite resins for filling, acrylic derdubase resins, and self-curing and heat-curingliacr
resins exhibit water sorption in the oral cavithisf phenomenon decreases the mechanical propeftite
material. As a result, restoration durability islweed, organic matrix properties are permanentired, and
material qualities are compromised. Therefore, wateption should be suppressed (Soagica. 2011). The
testing method and the maximum amount of water rlesbwere standardized by International Standasds a
ISO 1567.

Figure 4 shows the water absorption of variouduterbase formulations immersed in water at 37T@&
water uptake increases steadily with time untilediches the saturation limit after 60 dajsmmersion. The
PMMA matrix showed a higher water absorption cagyamdmpared with the PMMA composites. This behavior
can be attributed tdhé fact that the presence of polar and hydrophilictional groups in acrylic resins may
increase their polarity and facilitate the uptakdound water to form primary and secondary hydrashells
around the polar groups via hydrogen bonding. Adidibf the treated NBT reduced water absorptionicivh
restricted the neat polymer matrix with good adiestherefore the highest filler loading exhibited the lowest
water absorption because of the great differencthénbulk materials used as compared with pure PMMA
Moreover, the samples notably showed significartewgain in the first 2 weeks and remained stafilr ¢he
fourth week of immersion. Arorat al. (2011) analyzed PMMA-filled sapphire or silverdaconcluded that the
water absorption of PMMA decreases with increadithgr powder. Factors that affect the amount oftava
absorption on the composite restoration materalkide resin content, filler content, curing tirmed coupling
agent. In general, water absorption decreasesimgtieasing filler content. In addition, proper banglof the
coupling agent corresponds to reduced water abeorfBiradaret al., 2012). The presence of the coupling
agent reduced the hydrophilicity of the ceramiefiland enhanced the adhesion between the filldrthe
PMMA matrix. The hydrophobic surface nature of theated ceramic filler inhibited the capability thfe
composites to absorb water, thus corroboratingekalts of other studies (Pérez-Fonsetca., 2015, Yoshida
etal. 2016).
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Fig. 4: Water absorption curves of NBT/PMMA compared wittatt of the PMMA matrix after 60 days of
immersion at 37 °C.

Polymerization shrinkage (PS):

The PS of dental resins during polymerizationriggered by two phenomena. One is when the van der
Waals distance between the monomer molecules laceg by a covalent bond during polymerization. The
other is when the intermolecular distance betweetynper chains becomes smaller than that between
monomers. Such shrinkage causes the buildup osidua tensile stress around particles, which negjat
affects the toughness of the material. Factord) siscmonomer structure and content, as well & fidlading,
type, and composition, influence shrinkage (Wetng. 2015).

Polymerization in resin-based dental materialdcdctwe accompanied by a dimensional change thattsesu
in shrinkage. This resin shrinkage during curinfg@ett density. Therefore, density variation wassobered to
indicate shrinkage. The curing shrinkage of the PMébmposites was evaluated by weighing each specime
in air and in water using an analytical scale bedafrigure 5 depicts the PS in the NBT/PMMA comiassand
pure PMMA. The shrinkage values of the PMMA comfessiwere lower than those of the PMMA matrix. This
result may be ascribed to the total organic matomtent ofthe composites. As mentioned above, the P/L ratio
and presence of prepolymerized powder in PMMA esitay reduce shrinkage strain upon polymerization.
However, the volumetric shrinkage strain is mor@atelent on the extent of polymerization or degrée o
conversion than on the size or amount of PMMA beiadthe PMMA/MMA mixture (Kwonet al. 2014).
Kobayashiet al. (2004) found that a reduction in the amount ddistbefore removing the samples from the
mold is dependent on the cooling method and thatlgal cooling reduces shrinkage strain with diffiere
cooling methods.

12

° \
8

PS (%)

PMMA 1 3 5 7 S

Filler loading (%)

Fig. 5: Polymerization shrinkage of PMMA composites filleg different ratios of NBT.

The shrinkage in the NBT-reinforced compositesrelesed from 9.6% (NBT 1%) to 6% (NBT 9%). An
inverse linear relationship was noted between NBfitent and PS. PS considerably reduced with intrgas
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NBT content in the PMMA matrix because of the daseein the number of reactive methacrylate gronpke
PMMA composites with high filler levels (Razak aHdrrison 1997). As the amount of NBT was increasesl,
interstices existing in PMMA could be assumed togbedually embedded with these small fillers. Hertbe
movement of the formed polymer chains might behierrthindered during polymerization, and the shrijgka
may decrease to the minimum under the highest filading. These outcomes agreed with the generally
accepted conclusion that high inorganic contergsaasociated with low polymerization stress valudsch are
directly related to shrinkage reduction (Sudheat Btanjunath 2011, Wanet al. 2015). Others reported that
epoxy resin-based nanocomposites demonstrate lomkage and high strength because of the strong
interfacial interactions between resin and nanagast (Cheret al., 2006).

During denture fabrication, the shrinkage that escwhen a liquid monomer is converted to a solid
polymer can be largely compensated by keepingtheg dough under compression. However, hybridesyst
deliberately start the polymerization of the dowghone side of the mold while forcing the uncuredgh into
the mold on the opposite side. As curing progresseess the mold, the mold space is continuoudldfi
consequently improving dimensional accuracy. Theaathge of this system is the decreased tendenajise
the bite by overpacking the mold with dough, wheeim occur with conventional flasks. PS producesriatl
stress, which consequently creates microvoids aeraoiacks that impair the mechanical properties of
composites. In composites used for removable podsifitics, PS impairs the adaptation to the pasemputh,
which leads to the formation of rocking. The shagk of current filling composites ranges from 1.&6%56%
after curing (Pires-de-souehal., 2009). Thus, 6% of the denture base compoditesid be acceptable because
of the great difference in the bulk materials used.

Effect of filler on surface hardness (VHN):

Hardness is an important measure of a restoratigerial’s resistance to undergo permanent surface
indentation or penetration. Indentation is the girgs of a hard round object or point with force iagha
material sample, which produces a depression. Bsjme or indentation is caused by plastic deforomati
beneath an indenter. Specific characteristics @értation, such as shape or depth, are used assuraeof
hardness (Abedt al. 2015). VHN is the number obtained by using tterexhentioned formulae, Eq. (4). The
hardness of dental composites is a significanteigsuaddress because its resistance to abrasidineistly
related to their longevity. Thus, the substantiatface hardness of restoration materials is a jpéthc
requirement in posterior stress-bearing areas.

Figure 6 shows the VHN values of the filled sampempared with those of the PMMA matrix. The fille
samples exhibited a higher surface hardness tharPMMA matrix. Nevertheless, the PMMA composites
exhibited increased hardness with increased filtartent. This result indicates that a strong cati@h exists
between the VHN and the filler volume fraction etPMMA composites. In other words, the amountilterf
particles can influence and improve this propeftyis finding may be attributed to the high hardnesisie of
the dispersed phase and the imposed restrictionadrix deformation caused by the uniform distribatdf the
dispersed phase. Similarly, Mathetval. (2014) reported that increasing the filler coht@na polymer matrix
improves composite hardness. The results of theeptestudy agreed with those of previous ones stpthiat
dental composites have high hardness values beazusigeir high filler contents (Vojdanét al., 2012,
Elsherekskt al., 2016). Conversely, combining the lowest fillentent with the smallest filler size resulted in
the lowest hardness value. Furthermore, the wiiter of ceramic fillers is not expected to affedvarsely the
aesthetic appearance of denture base resin (Vojtlahi2012).

Experimental values Theoratical values
25 1
20 7r -
s o MW NN
15 17|
=
= §i SiN i pEm g
10 +7
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0 T l T | T | T | T ‘ T
PMMA 1 3 5 7 9
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Fig. 6: Experimental and theoretical VHN values of NBT/PMMomposites.
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Predicting the overall properties of compositesriportant for material design and applicationse ROM
is the simplest and intuitive method to estimatdffective mechanical properties of materialseimis of their
composition. The theoretical hardness values oP#®A composites were calculated and plotted ustagv
(Figure 6). The theoretical and experimental VHNuea showed no clear differences. This consistency
supported the homogeneous dispersion of the NBigchMmproved the VHN by 21.5% at the highest filler
content. The hardness of the composites approablaedf the soft matrix especially at a low volufrection
of the hard patrticle.

Conclusion:

NBT inclusion remarkably lowered the water absorptind PS of the composites but evidently improved
their surface hardness. Such enhancements coukhs® the longevity of the composites. This wodvjales a
good foundation for future studies that aim to aa#d the mechanical and environmental properties of
composites.
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