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	 Denture base fracture is often found as a primary clinical mode failure because of low flexural strength and 

repetitive stress. The fabrication of new dentures incurs high expenses and is time-consuming. Purpose: The aim 

of this study was to evaluate the flexural strength of auto-polymerized acrylic resins reinforced with 0.5, 1, 3, 10 

weight % silane-treated nano-aluminum oxide particles. Seventy-two rectangular (ISO standard 20795-1) acrylic resins 

were fabricated and divided into six groups (n=12). Two control groups were an unmodified heat-polymerized acrylic 

resin group and auto-polymerized acrylic resin group. The others were experimental groups incorporated with 0.5, 1, 3 

and 10 weight % silane-treated nano-aluminum oxide particles. The flexural strength was measured by a three-point 

bending test. One-way ANOVA and Tukey Honestly Significant Difference (HSD) were used for statistical analysis. The 

means flexural strength of silane-treated nano-alumina reinforced auto-polymerized groups (Groups SA0.5, SA1, SA3 

and SA10) (136.63, 128.46, 125.61 and 121.53 MPa) were significantly improved compared to that of the control 

self-cured group (Group SC) (111.49 MPa) (p<0.05). Group SA0.5 showed the highest mean flexural strength compared 

to group SA10 and SC. Group SA0.5 also had the mean flexural strength almost as high as group HC. The flexural 

strength of auto-polymerized acrylic resins with low weight percentages of silane-treated nano-alumina tended to be 

higher than those with high weight percentages of silane-treated nano-alumina. Flexural strength of auto-polymerized 

acrylic resins reinforced with nano-alumina at 0.5 weight percent was comparable to that of heat-cured acrylic resins.
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	 A study by Johnston and colleagues showed 

that 68 % of acrylic resin dentures broke within a few 

years after fabrication because of the flexural fatigue due 

to low flexural strength caused by repeatable intraoral 

force.1 Fractured acrylic resin denture bases are commonly 

repaired instead of making new dental prostheses due 

to cost and time saving. After being repaired, dentures’ 

durability does not last long. Dentures are more often 
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broken in auto-polymerized repaired denture than in heat-

polymerized repaired denture. Denture repair depends 

on several factors: material type, surface design, material 

reinforcement and surface treatment.2    

	 Different materials are used in reinforcement 

and repair of denture base, including heat-polymerized, 

auto-polymerizing, and light-polymerized acrylic resins.3 

Heat-polymerized repairs are rarely performed due to 

difficult laboratory processes and long polymerization 

time compared to auto-polymerized repairs. Therefore, 

auto-polymerized repairs are commonly used.4 There 

are many surface designs that influence flexural strength 

or transverse strength of the repaired denture base. A 

previous study showed that rounded joint provided more 

transverse strength than rabbeted joint and butt joint.5 

In addition, the 45o bevel of the repaired surface had a 

significant impact on the transverse strength of the repaired 

denture base, resulting in the highest strength value.6  

	 There are many recommended methods to 

reinforce the material used for denture base fabrication, 

such as chemical modification to prepare high impact resin  

and mechanical reinforcement with glass fibers, sapphire 

whiskers, carbon fibers, nylon polyethylene fibers, aramid 

fibers and zirconia.7 Glass fiber addition leads to higher 

impact strength and improved flexural strength of PMMA.8 

The current meta-analysis showed that reinforcement 

of PMMA  considerably enhanced flexural strength and 

impact strength.9 Titanium, zirconia and nano-zirconia 

reinforcement also contributed to an increase in flexural 

and impact strength of PMMA.10-12 A recent study showed 

that the use of nano-zirconia reinforcement could enhance 

the transverse strength of repaired acrylic denture bases.13 

The incorporation of 0.75%-ZrO
2
 or 0.25%-SiO

2
 into repaired  

resin increases repair strength.14 Compression strength and 

hardness are also increased with increasing the volume 

fraction of nano-aluminum oxide and nano-silicon dioxide 

particles in PMMA. The addition of nano-aluminum oxide 

particles has more considerable effect than the addition 

of nano-silicon dioxide.15 However, the use of metal powder  

filler has caused the dentures to be unaesthetic. Ideally, 

metal powder should be incorporated into the resin and 

increases strength without affecting other properties. 

Ceramic filler is more preferable for reinforcement of 

acrylic resins than metal filler because of its low density 

and being white. Thus they are less likely to alter the 

finished appearance of the denture base material compared  

to metal powders.16 Furthermore, previous studies demon-

strated an increase in flexural strength by adding metal 

oxides (alumina, tin, silver and zirconia) and sapphire 

whiskers.2, 17 Addition of alumina improves the properties of 

acrylic resin. For instance, an increase in thermal conductivity 

results from alumina reinforcement on PMMA.18 Reinforcing 

PMMA with alumina also contributes to  better flexural 

strength, impact strength, compressive strength, tensile  

strength, and surface hardness of the acrylic resin.2,19 A 

previous study reported that current silane coupling agents 

promoted the bonding of resin composite to dental 

restorative materials.20 Besides, the addition of 3-(trimeth-

oxysilyl) propyl methacrylate in hydroxyapatite (HA) 

reinforced poly methyl methacrylate (PMMA) could 

enhance the mechanical properties by strengthening the 

chemical bonding and increasing mechanical interlocking 

between HA and PMMA.21 Therefore, the application of 

silane on nano-aluminum oxide particles reinforced in 

self-cured acrylic resins was used in the study.

	 Aluminum oxide particles are commonly used 

as a sandblasting media especially in dentistry in order 

to increase mechanical retention of dental materials 

such as porcelain and full metals. Generally, aluminum 

oxide referred to as alumina, possesses strong ionic 

interatomic bonding, offering many interesting material 

characteristics. It can exist in several crystalline phases, 

all of which revert to the most stable hexagonal alpha 

phase at elevated temperatures. This is the phase of 

particular interest for structural applications. Alpha 

phase alumina is the strongest and the stiffest of the 

oxide ceramics. It has high hardness, excellent dielectric 

properties, refractoriness, and good thermal properties 

which result in a wide range of its applications in dentistry.7, 15

Antimicrobial properties are considered a desirable char-

acteristic that nanoparticles should obtain. Aluminum 

oxide nanoparticles have wide range of dental applications 
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and are also known to possess antimicrobial properties in 

the dental aspect. Alumina shows a mild bacterial growth- 

inhibitory effect, but only at very high concentrations.22 

Another research presented that the antimicrobial 

properties of nanoparticles containing formulations 

were increased.23    

	 Furthermore, there have been many studies 

presenting the effect of particle size and percentage of 

concentration of particles on flexural strength of acrylic 

resin. Addition of 10 weight % and 15 weight % of alumina 

powder to heat cure acrylic resin improves the flexural 

strength.24-26 Saritha MK.., et al. 2012 also found that 5 

weight % of 5-22 µm. untreated alumina particles improved 

flexural strength by 13.99 %.27 Jasim BS, Ismail IJ, 2014 

found that 1 weight % treated nanofillers of alumina 

increased flexural strength by 24%.28,29 Improved flexural 

strength can also be explained via the phenomenon 

of transformation. Al
2
O

3
 is found in many crystalline 

phases, and all filler particles revert to the most stable 

hexagonal alpha phase at elevated temperatures. Its 

structural application is interesting.16 Transformation 

phenomenon appears and reduces crack propagation 

when enough stress develops and microcracks begin to 

propagate. As a result, even distribution of the filler within 

the matrix can stop or deflect cracks.30,31 Furthermore, 

0.2 % of 20 nm TiO
2
 nano particles content increases the 

flexural strength of cold cured PMMA.21 Nanofillers are 

more effective than microfillers at lower concentrations.

	 In addition, the use of alumina particle treated 

with silane coupling agent leads to considerable increase 

in properties of acrylic resin as compared to untreated 

particles because it improves the surface bonding of 

filler and resin matrix. Silane coupling agent playes an 

important role in improving repair bond strength because 

it increases bonding surface area and wets the repair 

area and fills microspores interlocking the repair material 

within irregularities.31,32 Silane coupling agents contain 

inorganic reactive groups on silicon and bond well to most 

inorganic substrates, especially if the substrate contains 

silicon, aluminum, or most heavy metals in its structure. 

Once a silane coupling agent is attached to an inorganic 

surface, it assumes the surface reactivity properties of 

the attached organic group. Consequently, the treated 

surface acquires the surface energy characteristics of the 

organic group, thus transforming into a reactive surface 

based on the reactivity of the organofunctional group 

present in the silane coupling agent. A silane coupling 

agent can be selected to give the surface whatever 

property is desired to transform the nature of the surface 

into whatever is needed to allow optimization of the 

inorganic material for the intended use. Previously, a 

study presented that 10 weight % treated particle with 

silane coupling agent 18-23 µm particles led to 23.86 % 

increase in flexural strength whereas non-silanized 

resulted in 5.46 % increase in the flexural strength.26 

Therefore, the application of silane on nano-aluminum 

oxide particles reinforced in self-cured acrylic resins was 

used in the study. 

	 The objective of the study was to compare the 

effects of silane-treated nano-aluminum oxide reinforcement  

with weight percentages of 0.5, 1, 3, and 10 on the flexural 

strength of auto-polymerized acrylic resins. The hypothesis 

of the study was that different weight percentages of 

silanized nano-alumina particles did not significantly affect 

the flexural strength of auto-polymerized acrylic resins.    

1.  Specimen preparation

	 Seventy-two rectangular (64*10*3.3 mm.3)33 (ISO 

standard 20795-1) acrylic resin specimens were fabricated 

and divided into six groups (n=12). Two control groups 

were an unmodified heat-polymerized acrylic resin group 

and an unmodified auto-polymerized acrylic resin group. 

The others were experimental groups which were auto-

polymerized acrylic resin group reinforced with 0.5, 1, 

3 and 10 weight percent silane-treated nano-aluminum 

oxide particles. The materials used in this study were listed 

in table 1 whereas coding according to reinforcement 

material used for reinforcing process of each group was 

shown in table 2.  

Materials and methods
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Table 1	 Materials used in this study

Materials Use of materials Compositions Manufacturer

Heat-polymerized 

acrylic resins

Denture base 

processing

Powder: 95% PMMA, 4% plasticizer, 

1% benzoyl peroxide

Liquid: 90% MMA, 10% dimethacrylate, 

catalyst

Meliodent KULZER MITSUI Chemicals 

group, Heraeus Kulzer Gmbh, 

Tokyo, Japan

LOT no. U010174 

Auto-polymerized 

acrylic resins

Denture base 

processing

Powder: PMMA, benzoyl peroxide, 

Di-isobutyl phthalate 

Liquid: Methyl methacrylate, 

Hydroquinone, N, N-dimethyl-para-

toluidine, Butyl or Octyl methacrylate 

Glycol dimethacrylate

Tokuso® Cure fast, Tokuyama 

Dental Corporation, Japan

LOT no. 128E62

Silane coupling agent 

(MPS)

Silanization 1% 3- methacryloxypropyl 

trimethoxysilane ethanol/water-

based solvent, acetic acid

KBM 503, Shin-Etsu Chemical, 

Tokyo, Japan

LOT no. Z02CFS

Nano-alumina particles 

with diameter 20 nm.

Reinforcement Al
2
O

3
, gamma, 99+%, 20 nm. US Research Nanomaterials, Inc., 

Houston USA

LOT no. US3023

320-grit silicon 

carbide paper

Finishing and 

polishing

C 0.07%, SiC 93.9%, Fe
2
O

3
 0.64%, 

Si 0.79%, Al
2
O

3
 0.25%, CaO 0.20%, 

SiO
2
 4.11%

TOA Paint Public Company 

Limited, Thailand

LOT no. 202112

Table 2	 Controlled groups, experimental groups and coding according to reinforcement material used for reinforcing process

Group code Reinforcement material used for reinforcing process

HC Unmodified heat polymerized acrylic resin specimens (control)

SC Unmodified auto-polymerized acrylic resin specimens (control)

SA0.5 Auto-polymerized acrylic resin specimens reinforced with 0.5 weight % silane-treated 

nano-aluminum oxide particles (20 nm.)

SA1 Auto-polymerized acrylic resin specimens reinforced with 1 weight % silane-treated nano-aluminum 

oxide particles (20 nm.) 

SA3 Auto-polymerized acrylic resin specimens reinforced with 3 weight % silane-treated nano-aluminum 

oxide particles (20 nm.)

SA10 Auto-polymerized acrylic resin specimens reinforced with 10 weight % silane-treated nano-aluminum 

oxide particles (20 nm.)

	 Nano-aluminum oxide particles (20 nm.) (US 

Research Nanomaterials, Inc., Houston USA) was used as 

a reinforcement material in this study. It was preweighed 

into 0.5 weight %, 1 weight %, 3 weight %, and 10 weight %  

of auto-polymerized acrylic resin particles using an electronic  

weighing machine. Then, 0.1% silane coupling agent MPS 

(3-methacryloxy propyl trimethoxysilane) (KBM 503, Shin-Etsu  

Chemical, Tokyo, Japan) was measured using micropipette 

(10-100 µl. size, SCILAB) according to Arkle’s equation.30
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amount of silane (g)  =

	  amount of filler (g)  x  surface area (m2/g)

			       minimum coating area of silane coupling agent (m2/g)

	 Silane was applied to coat the preweighed 

nano-aluminum oxide particles using a microbrush and 

waited to dry for 1 minute. Then, mixing of preweighed 

0.5 weight %, 1 weight %, 3 weight %, and 10 weight % 

nano-aluminum oxide powder with resin polymer powder 

(50 mg.) was done using a magnetic stirrer (IKA C-MAG HS7), 

in order to achieve an equal distribution of particles and 

uniform consistency.34 

	 All PMMA specimens were prepared using a heavy-

body condensation silicone mold made of rectangular 

custom-made acrylic blocks. For auto-polymerized acrylic 

resin specimens, the simple mixing of auto-polymerized 

acrylic resin powder with a liquid monomer was done,  

according to the manufacture’s recommendations. First, 

measured liquid monomer was poured into the rubber 

cup. Then, prepared auto-polymerized acrylic resin powder 

for unmodified auto-polymerized acrylic resin specimens  

and prepared nano-alumina reinforced auto-polymerized 

acrylic resin power for reinforced specimens was mixed 

with the liquid monomer within 15 seconds of working 

time. Later, the mixture was poured into the mold slightly 

in excess in order to compensate for the polymerization 

shrinkage and the glass slide was put on the top of the 

mold to stabilize the mold until it was set within 2 minutes 

and 30 seconds. After that, the mold was placed in water 

at a temperature of 50°C for 5 minutes to ensure a complete  

polymerization reaction.  

	 For unmodified heat polymerized acrylic resin 

specimens, pink wax was melted and placed into the 

silicone mold where glass slides were used to control 

the thickness of the rectangular wax pieces. The rectangular 

wax pieces were invested in a metal flask with dental 

stone. Then, the flasks were placed in a scalding unit for 

wax boil-out (100°C, 5 minutes). After that, the flasks were 

left the rectangular shaped mold cavity in the dental 

stone, which was used as matrix for the fabrication of 

specimens. Separating medium was applied to the stone 

mold. Heat-polymerized acrylic resin powder was mixed 

with prepared liquid monomer. The mixture was then 

poured into the stone mold. Packing and processing of 

specimens was done according to manufacturer’s instructions.  

The upper and lower flasks were closed and maintained 

under 200 Ibs of compression for 30 minutes. The flasks 

were removed from the hydraulic pressure and cooled 

over the bench for 150 minutes. The curing procedure 

was processed by placing the flasks in the water bath at 

71°C for 9 hours.35 Flasks were allowed to cool to room 

temperature overnight before opening and deflasking. 

The specimens were removed from the mold. Finally, 

all specimens were finished, and polished with 320-grit 

silicon carbide paper (TOA, Thailand) using a polishing 

machine (Presi Minitech 233). They were later stored in 

distilled water in an incubator at 37°C for 2 days before 

flexural strength testing.36

2.  Flexural strength testing

	 Before conducting flexural strength testing, 

the size of each specimen was examined using a digital 

micrometer (minimum reading: 0.001 mm, Digimatic 

Micrometer Mitutoyo Corp., Kanagawa, Japan) to ensure 

the accuracy of the specimens. The flexural strength of 

the specimens was determined using a 3-point bending 

testing device in a universal testing machine (EZ test, 

Shimadzu, Japan) (Fig. 1). The device was composed of a  

loading wedge and a pair of adjustable supporting wedges 

placed 50 mm apart. The specimens were centered on 

the device in such a way that the loading wedge engaged 

the center of the upper surface of the specimens and a 

crosshead speed was set at 5 mm/min. Specimens were 

loaded until fracture occurred. According to the formula 

below, the flexural strength was calculated.36 

                         
S  =

	  3PI

  2bd2
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	 S is the flexural strength (N/mm2), P is the fracture 

load (N), I is the distance between the supporting wedges 

(mm), b is the specimen width (mm), and d is the specimen 

thickness (mm).

3.  Visual surface analysis

	 A scanning electron microscope (FEI QUANTA FEI 

200, FEI Company, Oregon, USA) was used to visualize 

the surface topography and examine the filler distribution 

in the polymer matrix of the control and the experimental 

specimens. It was also used to analyze the mode of 

failure of each experimental specimen. Definition of each 

mode of failure is described as follows. Adhesive failure 

means that fracture occurs between the interface of silane-

treated aluminum oxide particles and PMMA. Cohesive 

failure means that fracture occurs between PMMA and 

PMMA. Mixture of adhesive and cohesive failure means 

that fracture occurs between the interface of silane-treated 

aluminum oxide particles and PMMA (adhesive failure) 

and between PMMA and PMMA (cohesive failure). One  

sample from each group was coated with gold by Gold 

Coater Jeol Model JFC-1200 and visualized at 1500x  

Figure 1	 EZ test, Shimadzu, Japan

magnification. An attempt was done to focus on a presenting  

area and adjustment of the higher magnification while 

remaining on the same area was also done. 

4.  Statistical analysis

	 Data analysis was performed using SPSS software 

version 23, SPSS Inc, IRM corp, Chicago IL, USA at 95% 

confidence of level. A p-value ≤ 0.05 was considered 

statistically significant. The test of normality was achieved 

by using Kolmogorov-Smirnov’s test. Mean flexural strength 

values were compared between different groups using 

one-way ANOVA. Then, the Post-Hoc or Multiple Comparison 

test was used to determine which of the paired means 

amongst a set of means was significantly different from 

the rest. Tukey’s Honestly Significant Difference (HSD) test 

was selected for a pair-wise comparison due to the equal 

number of sample sizes in each set of data.

	 As illustrated in figure 2 and table 3, while 

investigating differences in the flexural strength of auto-

polymerized acrylic resins amongst the different weight 

percentages of nano-aluminum oxide particles and the 

two control groups, the alternative hypothesis was accepted. 

There were statistically significant differences in the flexural 

strength amongst different amount of nano-alumina 

reinforced auto-polymerized acrylic resins groups and 

unreinforced auto-polymerized acrylic resins and unreinforced  

heat-polymerized acrylic resins.

	 The mean flexural strength of group SA0.5 was 

136.63 MPa which was not statically significant (p>0.05) 

lower than that of unmodified heat-cured group (group 

HC) which was 138.35 MPa. On the contrary, the mean 

flexural strength of other reinforced auto-polymerized 

groups (group SA1, SA3 and SA10) and unmodified 

self-cured group (SC) were 128.46, 125.61, 121.53 MPa, 

and 111.49 MPa respectively, which were statistically 

significant lower than that of unmodified heat-cured 

group (group HC) (p<0.001).   

Results 
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Figure 2	 The effect of difference weight percentages of nano-aluminum oxide particle reinforcement on the flexural strength of 	

	 acrylic resins

Table 3	 The statistic results of descriptive analysis

Group N Mean Std. Deviation

SC 12 111.49a 3.43

SA0.5 12 136.63b 4.88

SA1 12 128.46c 3.86

SA3 12 125.61c,d 4.44

SA10 12 121.53d,e 3.73

HC 12 138.35b,f 9.49

Total 72 127.01 10.53
*Groups with the same lowercase superscripted letter indicated no significant differences between groups at p-value<0.05.

	 Lastly, multiple comparisons were conducted to 

investigate whether every combination was significantly 

different in flexural strength from other combinations or 

not. As presented in table 3, the mean flexural strength of  

unreinforced auto-polymerized group (group SC) was the 

lowest (111.49 MPa) compared to other groups (p<0.001) 

whereas the mean flexural strength of unreinforced heat-

polymerized group was the highest (138.35 MPa) (p<0.05) 

which was comparable to that of 0.5% silane-treated 

nano-alumina reinforced auto-polymerized group (group 

SA0.5) (136.63 MPa).

	 From previous data, it can be concluded that 

different percent by weight of silane-treated nano-alumina 

reinforcement also influenced flexural strength of auto-

polymerized acrylic resins. In auto-polymerized acrylic 

resins, 0.5% by weight of silane-treated nano-alumina 

reinforcement could improve flexural strength and was 

superior to 3% and 10% by weight of silane-treated na-

no-alumina reinforcement. Furthermore, 0.5% by weight 

of silane-treated nano-alumina reinforced self-cured acrylic 

resins had the flexural strength as high as unreinforced 

heat-cured acrylic resins.

	 SEM images shown in figure 3 were taken from the 

fractured surface of nano-aluminum oxide reinforced self-

cured PMMA specimens. Results of the SEM study showed that  

the nano-aluminum oxide particles in reinforced self-curing 

PMMA specimens were widely and evenly distributed 

within the resin matrix. The presence of reinforced particles 

also increased as the weight percentage of reinforcement 

increased. Moreover, the SEM images showed that the 

shape of nano-aluminum oxide particles was spherical 

and the size of nano-aluminum oxide particles was equal  
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among groups. As shown in figure 4, the images also revealed  

that a mode of failure for the specimens was a mixture of 

cohesive and adhesive failures. Fracture occurred between

the interface of silane-treated aluminum oxide particles 

and PMMA (adhesive failure) and between PMMA and PMMA 

(cohesive failure). Mode of failure of each group was presented  

in table 4. Control groups (Group HC and SC) experienced 

100% cohesive failure while the other experimental groups 

(Groups SA0.5, SA1, SA3, SA10) experienced a 100% mixture 

of cohesive and adhesive failures.

Figure 3	 Scanning electron microscope images of PMMA specimens (1500 magnification). The red arrow indicates the reinforced 
	 particle. SA0.5: fractured surface of 0.5% nano-alumina reinforced self-cured PMMA specimen, SA1: fractured surface of 
	 1% nano-alumina reinforced self-cured PMMA specimen, SA3: fractured surface of 3% nano-alumina reinforced self-cured 	
	 PMMA specimen, SA10: fractured surface of 10% nano-alumina reinforced self-cured PMMA specimen

Figure 4	 Scanning electron microscope images of poly-methylmethacrylate (PMMA) specimens (1500 magnification). The red arrow
 	 indicates the reinforced particle, the blue arrow indicates the area that reinforced particle diminished and area of adhesive 
	 failure, and the yellow arrow indicates area of cohesive failure. SA3: fractured surface of 3% nano-alumina reinforced self-
	 cured PMMA specimen, SA10: fractured surface of 10% nano alumina reinforced self-cured PMMA specimen

SA0.5

SA3

SA3 SA10

SA1

SA10
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Table 4	 Mode of failure of each group

Group Adhesive Cohesive Mixed

HC 0% 100% 0%

SC 0% 100% 0%

SA0.5 0% 0% 100%

SA1 0% 0% 100%

SA3 0% 0% 100%

SA10 0% 0% 100%

Discussion
	 The result of the study demonstrated that un-

modified heat-polymerized acrylic resin had more flexural 

strength than unmodified auto-polymerized acrylic resin. 

It could be explained that more voids which tended to 

reduce the flexural strength could be found in self-cured 

acrylic resin as the recent study mentioned.37, 38  Furthermore, 

0.5%, 1%, 3%, and 10% by weight of silane-treated nano-

alumina reinforcement significantly improved the flexural 

strength of auto-polymerized acrylic resins. Likewise, the 

recent paper of Jasim BS, Ismail IJ (2014) and Mohammed 

M. Gad, Ahmad M. Al-Thobity (2021) presented that the 

flexural strength increased due to addition of small weight 

percentages of alumina.18,20 From the result, 0.5% by  

weight of silane-treated nano-alumina reinforcement in 

auto-polymerized acrylic resins had flexural strength superior 

to 3% and 10% by weight. Similarly, Tamore SH and Jyothi 

KS (2018) conducted a study where they found that adding 

1% and 1.5% nano-alumina to the repaired resin resulted 

in enhanced flexural strength compared to the unmodified 

resin.31 The possible explanation could be that lower 

amount of nanoparticles is more effective because of 

their better ability of deep penetration to resin matrix. 

Another reason is that the more weight % of alumina 

reinforcement, the more void formation could be found.39  

In addition, aluminum oxide particles were pretreated with 

silane, which significantly improved the bond strength of 

alumina particles to PMMA.39

	 SEM examination of specimens reinforced with 

0.5%, 1%, 3% and 10% by weight of silane-treated nano-

aluminum oxide (Al
2
O

3
) particles reinforced self-curing 

acrylic resins showed a wide, equal distribution of oxide 

particles within the resin matrix (Fig. 3). similarly, Vojdani M, 

et al. demonstrated that specimens added with 2.5% by 

weight of aluminum oxide exhibited even distribution, 

as evaluated through SEM analysis. It confirms that the 

technique of mixing particles using a magnetic stirrer is 

acceptable and reliable. A reasonable explanation is that 

using the magnetic stirrer provides uniform consistency 

and reduces human errors.34 In addition, the SEM examination 

of the fractured surface of specimens revealed that the 

mode of failure for most specimens was a mixture of 

cohesive and adhesive failures. Fracture was found between 

the interface of silane-treated aluminum oxide particles 

and PMMA (adhesive failure), and between PMMA and 

PMMA (cohesive failure). It could be explained that alu-

minum oxide reinforced particles are evenly distributed 

in resin specimens, so most of the fractured areas were 

a mixture of cohesive and adhesive failure. There was 

hardly any adhesive failure.

	 One of the limitations of this study was that sur-

face voids could be found in tested specimens, although 

the specimens were preselected using exclusion criteria. 

PMMA has the tendency to generate submicrometer 

voids.34 Therefore, fracture resistance of specimens may 

be influenced by void formations located within the 

specimens. Furthermore, material fatigue by thermocycling 

in water or artificial saliva with or without reinforcement 

was not carried out to predict the success of material in 
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a clinical environment, as the study was conducted in 

an in vitro setting. Another limitation of this study was 

that the SEM images revealed that some areas showed 

larger nano-alumina particles size compared to other 

areas, which was attributed to a controlled manner by 

means of surface tension. This resulted in an alteration 

of the particle-size distribution36 Although alteration in 

color of alumina reinforced specimens was not obvious, 

it is better to be used in invisible denture areas such as 

lingual flange of lower dentures or the palatal area of upper 

dentures because discoloration and opacity of PMMA can 

occur when added at high concentration.14

	 Auto-polymerized acrylic resins reinforced with 

0.5% by weight of silane-treated nano-alumina particles 

had the flexural strength almost as high as unreinforced 

heat-polymerized acrylic resins. Fortunately, 0.5 weight% 

silane-treated nano-alumina can be used for reinforcement 

in self-cured acrylic resins which are mostly chosen as denture  

repair materials. The extended longevity of dentures 

contributes to increased patient satisfaction. However, 

further research is required to examine cytotoxicity, aging 

effect and physical properties such as color stability and 

surface roughness of these reinforced denture base materials  

before clinical application. 

	 According to the obtained results and the 

mentioned limitations, the following conclusions can 

be drawn: 

   1. Alteration of percent by weight of silane-treated 

nano-alumina reinforcement resulted in differences in 

the flexural strength of auto-polymerized acrylic resins. 

Self-cured acrylic resins incorporated with low weight 

percentages of silane-treated nano-alumina had better 

flexural strength than those incorporated with high weight 

percentages of silane-treated nano-alumina. 

      2. Auto-polymerized acrylic resins reinforced with 0.5% 

by weight of silane-treated nano-alumina paticles 

demonstrated the flexural strength almost as high as 

unreinforced heat-polymerized acrylic resins. 
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