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ABSTRACT 
The aim is to evaluate the flexural strength of acrylic resin bars depending on the addiction of glass fibers with 
or without previous 3-methacryloxypropyl-trimethoxysilane (silane) application. Short fibers (3 mm) were treated 
and added to an acrylic resin powder, being further mixed with acrylic liquid to create bars (25 × 2 × 2 mm) of 
11 experimental groups (N = 10), according to the interaction of experimental factors: weight % of glass fibers: 
(0.5; 1; 3; 4; 6 and 7) and silane application (with silane (S) or without silane (N)). Flexural strength and scan- 
ning microscopy evaluation were performed (SEM). Data (MPa) were submitted to ANOVA and Tukey (α = 5%). 
A significant difference between groups was observed (p = 0.001): S7%(128.85 ± 35.76)a, S6% (119.31 ± 11.97)ab, 
S4% (116.98 ± 25.23)ab, N4% (107.85 ± 24.88)abc, S1% (96.29 ± 20.65)bc, S0.5% (89.29 ± 7.33)cd, S3% (89.0 ± 
11.27)cd, N3% (86.79 ± 17.63)cd, N1% (85.43 ± 16.44)cd, Control (73.29 ± 25.0)de, N0.5% (59.58 ± 19.46)e. For N 
groups, it was not possible to include more than 4%wt fibers. SEM showed better fiber-resin interaction for S 
groups, and fractures around fibers on N groups. Previous silane application enables the addiction of greater 
quantity of glass fibers and better interaction with the acrylic resin resulting in higher flexural strength. Without 
silane, fibers seem to act as initial crack points due to poor interaction. 
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1. Introduction 
Acrylics’ fracture due to high transitory force caused by 
an accident or a small force during repeated mechanical 
load [1] is a direct result of development and propagation 
of cracks in the areas of stress concentration [2]. The 
chances of fractures can be reduced increasing the strength 
of polymethyl methacrylate (PMMA), typically used in 
dentistry for provisional restorations or removable pros- 
thesis.  

After many attempts to improve the mechanical prop- 
erties of PMMA resins, interest has turned to fiber rein- 

forcement. The incorporation of fibers into polymer ma- 
trix has provided substantial improvements on flexural 
strength and fatigue resistance of composite resin mate- 
rials [3-5]. The fiber reinforcing mechanism has been 
explained by the principle that a relatively soft ductile 
polymer matrix is fully capable of transferring an applied 
load to fibers via shear forces at the interface [3].  

Among many types of reinforcement, glass fiber 
stands out for presenting high tensile strength and favor- 
able esthetic qualities [6,7], being tested into dental po- 
lymers for over 30 years [8]. The effectiveness of fiber 
reinforcement is influenced by many variables including 
the quantity of fibers [9,10], their length [9,11], direction *Corresponding author. 
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[9], form [12], orientation [6], position [6], adhesion to 
the polymer matrix [6], impregnation with the resin [13], 
and the type of resin [9].  

Studies have demonstrated a direct relationship be- 
tween the fiber content and the flexural and impact 
strength of the reinforced resin [14,15], according to the 
law of mixtures [16]. However, through the use of 3% 
(by weight) of many types of fibers without any surface 
treatment, Dogan et al. [17] reported no structural rein- 
forcement of acrylic resin bars. 

The silane coupling agent treatment (3-methacryloxy- 
propyl-trimethoxysilane) creates a siloxane network with 
the hydroxyl (OH) of the Si in the glass fiber surface and 
co-polymerize with the acrylic resin [18]. Silanized glass 
fibers present a higher surface energy and tend to be bet- 
ter impregnated, resulting in better adhesion to polymer 
matrix [19-21]. It is expected that more fiber content 
would be included into the acrylic resin after fiber silane 
treatment, resulting in better flexural strength. 

The aim of this study was to evaluate the flexural 
strength of acrylic resin bars by varying the weight con- 
tent of fibers and surface treatment with silane coupling 
agent.  

2. Materials and Methods 
The materials used in this study are listed in Table 1. 
Eleven test groups (n = 10 per group) were created, 
representing the combination of factors in study: weight 
proportion of fibers (0.5%, 1%, 3%, 4%, 6%, 7% wt), 
surface treatment (with silanization (S) and without sila- 
nization (N)) and a control group. For N groups it was 
not possible to include more than 4%wt fibers. 

2.1. Preparation of Specimens 
Standardized rectangular specimens were created with 
dimensions of 25 mm (± 2.0) × 2 mm (±0.1) × 2 mm 
(±0.1), according to ISO4049/2000 [22]. Fibers (3 mm- 
long) were weighted on an analytical balance (HR-200, 
A&D Company Limited, Japan) and mixed with the 
acrylic resin powder, either after silane treatment for 1 
min at room temperature (S groups) or no silane treat- 
ment (N groups). 
 

Table 1. Materials used in this study. 

Material Batch  
number Manufacturer 

Pureglassfiber ** Maxxi Rubber, São Paulo, 
Brazil 

Silane (couplingagent) 10916 
Angelus Indústria de  

Produtos Odontológicos S/A, 
Londrina, Brazil 

Self-polymerizedacrylicresin 030211 
Artigos Odontológicos 

Clássico Ltd, São Paulo, 
Brazil 

The acrylic resin was then manipulated following 
manufacturer´s powder/liquid ratio. The specimen mold 
was covered with a clean glass slab to remove excess 
resin and kept at room temperature for 20 minutes under 
9.8 N load until polymerization of the resin was com- 
pleted. After preparation specimens were finished with 
600, 1000 and 1200 grit SiC paper (Norton, São Paulo, SP, 
Brazil) under water stream. All specimens were stored in 
distilled water at 37˚C for 24 hours before testing.  

2.2. Flexural Strength Test 
Specimens were positioned on a 3-point bending flexural 
strength testing apparatus (K5005 MP; Kratos, Cotia, SP, 
Brazil) with two supports 20 mm apart, and tested at a 
crosshead speed of 1 mm/min. The load at fracture was 
recorded in Newtons and Flexure Strength (FS) was cal- 
culated in MPa with the following equation: FS = PL/wb2, 
where “P” is the maximum load at fracture, “L” is the 
distance between the supports (20 mm), “w” is the sam- 
ple thickness and “b” the height. The samples’ thickness 
and height were measured with a digital caliper (Mitu- 
toyo, Japan). 

2.3. Scanning Electron Microscope (SEM)  
Examination 

Random samples were selected from each group and 
analyzed with a SEM. The samples, fixed on metal stubs, 
were placed in an ultrasonic bath of deionized water for 
10 minutes, and then sputtered with gold (1 cycle of 120 
s), under vacuum, in a sputtering device (MED 010; 
Balzers Union, Balzers, Liechtenstein). The surfaces 
were analyzed by SEM (LEO 435 VP; LEO Electron 
Microscopy Ltd., Cambridge, UK), focusing on the frac- 
ture features, integrity, and homogeneity along the inter- 
faces between reinforcement material and acrylic resin. 
Samples were examined under magnification varying 
from ×250 to ×10,000. The unit operated at 20 kV, WD = 
15 - 18 mm, and with a spotsize range of 25 pA to 100 
pA. 

2.4. Statistical analysis  
Statistical analysis was firstly performed with a factorial 
analysis (2 × 4) including the fiber surface treatment (S 
and N) versus fiber wt% (0.5; 1.5; 3 and 4) with a gener- 
al linear model procedure in SSPS17.0 (SPSS Inc., Chi- 
cago, USA). After that all groups were submitted to 
Kolmogorov-Smirnov test of normal distribution, one- 
way ANOVA and Tukey Honestly Significant Difference 
(HSD). All tests were performed at 5% level of signific- 
ance. 

3. Results 
The factorial analysis showed no interaction between 
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factors in study (p = 0.267). Further ANOVA and Tukey 
tests showed significant difference between groups (p = 
0.001; Table 2). The highest reinforcement effect was 
presented by S7% group, but similar to S6%, S4% and 
N4%. N4% group was similar to S1%, which in turn was 
similar to S0.5%, S3%, N3% and N1% groups. N 0.5% 
presented the lowest strength value, similar to the control 
group (C). 

SEM analysis showed N groups with areas of poor in- 
teraction between glass fiber and acrylic resin with the 
presence of empty spaces (Figures 1(B) and 1(D)), sug- 
gesting potential sources for crack propagation. In S 
groups this situation was not found, showing better mi- 
cromechanical/adhesive interlocking due to resin rem- 
nants at the fiber surface (Figure 1(A)) and a multi plane 
fracture at the fiber seen in Figure 1(C). Images of S 
groups also showed the fracture line in more than one 
plane, suggesting better resistance for crack propagation 
(Figure 2(A)). The opposite occurred in N groups where 
the rupture line occurred in only one plane, showing 
lower resistance for crack propagation (Figure 2(B)).  

4. Discussion 
Fibers are known to reinforce dental polymers [6,23] and 
the present study compared the strengthening effect of 
including different weight proportion of fibers with or 
without surface treatment with a silane coupling agent. It 
was initially hypothesized that after silanization, the 
glass fiber reinforcement would be better wetted by the 
PMMA resin, facilitating the inclusion of a highest quan- 
tity of fiber and improving the final strength. The results  
 
Table 2. Flexural Strength-means and standard deviations 
(MPa) for different %wt of glass fiber and surface treat-
ments.  

Groups Mean (SD) 

S7% 127.85(35.76)A 

S6% 119.31(11.97)AB 

S4% 116.98(25.23)AB 

N4% 107.85(24.88)ABC 

S1% 96.29(20.65)BC 

S0.5% 89.29(7.33)CD 

S3% 89.00(11.27)CD 

N3% 86.79(17.63)CD 

N1% 85.43(16.44)CD 

C 73.29(25.01)DE 

N0.5% 59.58(19.46)E 

Different capital letters mean significant differences within the same rein-
forcement (p < 0.05). 

 
Figure 1. (A) (×2500 magnification) S4% group showing a 
glass fiber surface surrounded by the PMMA resin; (B) (× 
2,500 magnification) N1.5% group showing a clean glass 
fiber as a result of] poor interaction with the resin matrix; 
(C) (× 10,000 magnification) Silanized fiber (S3% group) 
showing a multi plane fracture and an adhesive interaction 
with the resin; (D) (×2500 magnification) Non silanized 
fiber surface (N1.5% group) dislodged from the resin ma-
trix with signals of reduced micromechanical/adhesive in-
terlocking with resin. 
 

 
Figure 2. Rupture plane of fracture specimens. (A) (×250 
magnification) S6% group showing a multi plane fracture, 
suggesting better resistance for crack propagation; (B) 
(×250 magnification) N4% group with rupture occurring in 
only one plane, a signal of easier crack development. 
 
of this work showed that the use of silanized glass fiber 
reinforcement significantly allowed more fibers to be 
included, increasing flexural properties, confirming this 
hypothesis. Fiber-to-resin interaction may be the reasons 
for these results.  

Glass fiber is an inorganic substance based on alumi- 
na-lime-borosilicate, considered to be the predominant 
reinforcement for a polymer matrix due to their high 
mechanical properties, low susceptibility to moisture 
absorption, resistance to chemicals, thermal stability and 
high melting point [5,20]. Besides these characteristics, 
glass fibers are hydrophobic in nature and have low sur- 
face energy so that their natural compatibility with 
PMMA tends to be poor [21]. Untreated fibers could act 
as foreign bodies in the acrylic resin mixture and, instead 
of a strengthening effect, they would actually weaken the 
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resin by breaking up the homogenous matrix [24]. This 
fact could be observed in this study, since N3%, N1% 
and N0.5% groups presented flexural strength similar to 
C group. N4% group was the only one that had a signifi- 
cant high strength when compared to samples with no 
reinforcement (C group). This might be explained by the 
greater amount of fiber included in this group, as de- 
scribed by Behr et al. [16]. 

The silane coupling agent treatment increases fiber’s 
surface energy [19] resulting on better impregnation by 
the polymer matrix (Figures 1(A) and 1(C)). This oc- 
currence resulted in significant higher flexural strength 
obtained in specimens reinforced with silanized fibers 
compared to non-silanized ones. S7%, S6% and S4% 
groups had flexural strength values significantly higher 
than control. The silanization of fibers enabled the inclu- 
sion of a greater quantity of fibers when compared to N 
groups. At N groups, any increase in fiber content be- 
yond 4 wt% affected the flowability of the resin, so that 
fibers could not be mixed and prevented resin to react 
itself, producing a dry friable dough [21].  

The reinforcing effect of the fibers is based on stress 
transfer from the polymer matrix to fibers but also the 
behavior of individual fibers acting as a crack stopper 
[25]. Figure 2(A) shows fracture line in more than one 
plane, demonstrating that an effective adhesion between 
fiber and resin can difficult crack development. The same 
could not be observed at N groups (Figure 2(B)) where a 
fracture line in only on plane was observed. 

In general, acrylic resin reinforcement with glass fi- 
bers produced improved fracture strength. Provisional or 
even definitive prosthesis can successfully employ fiber 
reinforcement in order to assure better longevity and ease 
of repair [2]. The use of short random fiber presents itself 
as a less expensive and easy handling option for clini- 
cians. Heat treatment of silanized glass to maximize the 
bonded strength is routinely performed in the glass in- 
dustry, so heating the silane coupling agent after applica- 
tion into fibers could strengthening even more the 
PMMA resin, as seen in other studies for other materials 
[26,27]. Future research may focus on improving adhe- 
sion of fibers with heat treatment of silane in order to 
improve mechanical properties.  

5. Conclusions 
According to the results and limitations of the present 
study, it is possible to conclude: 

1. The use of silane allows for greater inclusion of fi- 
bers, better interaction with the PMMA resin and higher 
flexural strength. 

2. Without silane treatment, fibers seem to act as crack 
starter points due to poor interaction. 

3. Silanized fibers can act as crack stopper. 
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