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contained a lesser content of residual monomer than the con-
ventional water bath technique. The significant raise in the 
hardness of the PMMA was referred to the major reduction 
of the residual monomer, which proved to have an influence 
on the mechanical characteristics of acrylic resin.10,15 Durkan 
et al11 evaluated the effect of the polymerization technique 
on the transverse strength of denture base resin using the 
conventional water bath, long-cycle autoclave polymeriza-
tion techniques. They found that the transverse strength of 
the acrylic resin increased significantly after using autoclave 
cycles when compared with the water bath technique. Fur-
thermore, it was noticed that there was no significant differ-
ence between the two autoclave polymerization techniques.

In addition, many reinforcement materials have been 
utilized to enhance PMMA strength. Metal powder, metal 
plates and wires, rubber agents, nanoparticles, and fibers 
have been investigated as means to enhance the mechanical 
properties of acrylic resin.16-20 Reinforcing fibers include glass 
fibers, polyethylene fibers, carbon fibers, nylon fibers, and 
aramid fibers.20-23 However, some of these fibers interrupt 
the homogeneity of the resin matrix due to poor interaction 
with the resin that negatively affects the mechanical prop-
erties. Furthermore, carbon fibers were considered clinically 
ineffective due to an unaesthetic color and a difficulty to be  
polished.24 Evidence has shown that polyethylene fibers could 
cause mucosal irritation when coming out of the acrylic resin 
surface.25

Fiber reinforcement of denture bases through the inclusion 
of glass fibers in the powder of acrylic resin has shown signifi-
cantly high strength of the acrylic resin, and is aesthetically 
accepted due to its colorless property.22,23,26-28 Fonseca 
et al26 incorporated silanized glass fibers into the PMMA resin 
powder, which exhibited higher flexural strength than the 
unreinforced acrylic resin. They found a direct link between 
the content of silanized glass fibers and the flexural strength; 
where 7% (by weight) exhibited the highest flexural strength, 
which decreased as the content of glass fibers decreased.

The impact of the combination process of the autoclave 
polymerization technique and glass fiber addition on the 
flexural properties of PMMA has not yet been investigated. 
Therefore, the goal of this study was to evaluate the effect 
of the autoclave polymerization technique with glass fiber 
addition on the flexural strength and elastic modulus of 
PMMA and compared it with the conventional water bath 
polymerization technique. The null hypothesis was that the 
autoclave polymerization techniques with glass fiber rein-
forcement probably had no significant effect on the flexural 
strength and elastic modulus of PMMA as compared with the 
conventional water bath polymerization technique.

Materials and Methods
Study Designing and Grouping
Ninety specimens made of heat-polymerized acrylic resin 
(Major base 20, Prodotti Dentari Spa, Italy) were used for 
this in vitro investigation. Specimens were randomly distrib-
uted based on the heat polymerization technique into three 
main groups (n = 30 per each): a water bath polymerization 

group, a short-cycle autoclave polymerization group, and a  
long-cycle autoclave polymerization group. Each group was 
then divided into three subgroups (n = 10) where one sub-
group of each main group was kept without reinforcement, 
while the other two groups were reinforced with 2.5 and 
5wt% of glass fibers, respectively (►Table 1).

Mold and Specimens’ Preparation
Following ANSI/ADA specification No.12, metal molds were 
constructed for a flexural strength test in the desired shape 
with the dimensions of 65 × 10 × 2.5 ± 0.02 mm.29 Dental wax 
(Cavex Set Up Wax, Cavex, Netherland) was used to build the 
shape of the molds and invested in a type III dental stone 
(GC Fujirock EP, Belgium) using a metal flask (61B Two Flask 
Compress;, Handler Manufacturing, Westfield, New Jersey, 
United States). After the dental stone had set, a wax burnt out 
procedure was performed through immersing the specimens 
in boiled water for 5 minutes and then molds were washed 
out and dried. After that, a layer of a separating medium (Isol 
Major; Major Prodotti Dentari Spa, Moncalieri, Italy) was 
spread on the inner surfaces of the mold.

For the reinforced specimens, glass fibers (E-glass; 
length = 3 mm, Shanghai Richem International Co., Ltd., 
Shanghai, China) were weighted using an electronic scale 
(S-234; Denver Instrument, Gottingen, Germany) and then 
added into heat-polymerized acrylic resin powder in concentra-
tions of 2.5 and 5wt% of acrylic powder where the whole com-
posite was mixed in a porcelain jar until equal distribution of 
fibers within the resin powder was achieved. Preweighted glass 
fibers were treated with 3-trimethoxysilyl propyl methacrylate 
(TMSPM; Shanghai Richem International Co., Ltd., China) as a 
silane-coupling agent at room temperature for 1 minute, then 
added, and mixed with the preweighted acrylic resin powder.30 
Based on the manufacturer’s instructions, the liquid/powder 
ratio of the resin polymer was mixed using a porcelain contain-
er that was kneaded by hand to increase the polymer homo-
geneity and integrity until reaching the doughy stage where 
the acrylic resin was then packed into a mold. After that, the 
flasks were closed for 30 minutes under a pressure of 20 kN.30 
The whole unit was preserved for 1 hour at room temperature.

Table 1   Polymerization technique, glass fiber reinforcement, 
and codes for all study groups

Polymerization technique Glass fiber 
reinforcement

Code

Water bath-polymerized acrylic 
resin

0wt% WB

2.5wt% WB2

5wt% WB5

Short-cycle autoclave polymerized 
acrylic resin

0wt% AS

2.5wt% AS2

5wt% AS5

Long-cycle autoclave polymerized 
acrylic resin

0wt% AL

2.5wt% AL2

5wt% AL5

Abbreviations: AL, autoclave long; AS, autoclave short; WB, water 
bath.
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Water Bath and Autoclave Polymerization Techniques
The heat-polymerized specimens of the water bath tech-
nique were submerged in a water bath of curing unit (KaVo; 
Elektrotechnisches Werk, GmbH, Leutkirch, Germany) at 
room temperature. The processing was done following the 
manufacturer’s guidelines using the conventional curing 
cycle where specimens processed in at 74°C for 2 hours and 
then 100°C for 1 hour.

For the autoclave-polymerized groups, the specimens 
processed in short cycle were exposed to an autoclave 
polymerization cycle (Ritter M11 UltraClave; Midmark Inter-
national, Spain) at 60°C for 30 minutes and then at 120°C 
for 10 minutes. For the long-cycle processing technique, 
the autoclave polymerization was performed at 60°C for 
30 minutes and followed by 120°C for 20 minutes.

After the specimens’ polymerization was completed, the 
flasks were cooled down to room temperature through a bench 
cool. After deflasking, finishing and polishing procedures were 
performed in the usual manner and then specimens were 
inspected to verify the dimensions using a digital caliber. Then, 
all specimens were kept in distilled water at 37°C for 48 hours.

Testing Procedures
The three-point bending test was used to assess the flexural 
strength and was conducted in air at 21 ± 1°C using a universal 
testing machine (Instron 8871; Instron Co. Buckinghamshire, 
United Kingdom).

Each specimen was positioned on the flexure appara-
tus, keeping the separation distance at 50 mm between the 
supports. A load of 50 kgf was applied at the center of each 
specimen using a 5 mm/min crosshead speed. The load of frac-
ture was recorded and the flexural strength were calculated 
using the equation (S = 3WL/2bd2).31 S indicates the flexural 
strength, W is the load to fracture value measured in newton 
(N), L presents the separation distance, and b and d are pre-
sented the specimen width and thickness, respectively.

To measure the elastic modulus, the equation E = FL3/4bh3d was 
conduced.31 E is the value of elastic modulus in MPa, F presents 
the load (N) at a convenient point (p) of the elastic deformation 
curve, L the separation distance between the supports, b is the 
width of the specimen, h is the thickness and d indicated the 
deflection occurred at point (p).

Scanning Electron Microscope Assessment
After the flexural strength test was performed for all specimens, 
the fractured specimens underwent a SEM (Inspect S50; FEI Co., 
Oregon, United States) evaluation of their fractured sides. The 
SEM analysis was performed based on the difference in the 
polymer matrix geometry among the different polymerization 
techniques as well as the glass fiber reaction within the matrix 
and its distribution based on the different concentrations. 
Microphotographs were captured on a standardized magnifica-
tion of 2,000× for visual inspection and analysis.

Statistical Analysis
SPSS-20.0 (IBM Product of Chicago, United States) was uti-
lized to analyze the data. The results were presented in 
terms of arithmetic mean and standard deviation (SD). The  

one-way ANOVA test was utilized to compare the mean effect 
of the polymerization techniques and glass fiber reinforce-
ment on the flexure strength and elastic modulus. Post hoc 
Duncan’s multiple-range test was performed to compare 
the difference of means among various glass fiber reinforce-
ments into a specific polymerization technique as well as 
among various polymerization techniques into a specific 
glass fiber reinforcement. The significance level was located 
when p value ≤0.05.

Results
Flexural Strength
►Table 2 shows means and the SD of the flexural strength 
(MPa) for all the tested groups. Generally, it was noticed that 
by increasing the percentage of fiber reinforcement from 0 to 
2.5wt% and from 2.5 to 5wt%, the flexural strength increased 
significantly (p < 0.05). The tested groups had a statistically 
significant difference between the means as indicated by  
one-way ANOVA (F [2,27] = 394.980, p = 0.000; ►Table  3). 
Within the water bath technique groups, the WB5 group pre-
sented a significantly higher strength as compared with the 
WB2 and the WB group (p = 0.000). Furthermore, within the 
short-cycle autoclave technique groups, the AS5 group had 
a significantly increased flexural strength when compared 
with the AS2 and AS groups (p = 0.000; ►Table 3). Within the 
long-cycle autoclave technique groups, AL5 presented statis-
tically significant increase in the flexural strength compared 
with AL2 and AL groups (p = 0.000; ►Table 3).

Tukey’s post hoc test indicated that the flexural strength 
was significantly higher in the AL5 group in comparison to 
the other tested groups (92.02 ± 1.05 MPa, p = 0.000), where-
as the WB group showed the lowest value (77.23 ± 1.20 MPa; 
p ≤0.05; ►Table 4).

Elastic Modulus
Means and SDs of the modulus elastic values of the different 
groups are represented in ►Table 2. The tested groups had 
a statistically significant difference as indicated by one-way 
ANOVA (F [2,27] = 285.754; p = 0.000; ►Table  5). Within 
the water bath groups, WB5 group exhibited statistically 

Table 2   Mean and standard deviation of the flexural strength 
and elastic modulus of the tested groups

Tested group Flexural strength
(Mean ± SD)

Elastic modulus
(Mean ± SD)

WB 77.23 ± 1.20 2067.08 ± 11.03

WB2 79.99 ± 0.58 2173.27 ± 5.40

WB5 82.86 ± 0.49 2273.98 ± 5.71

AS 82.27 ± 0.72 2114.44 ± 2.62

AS2 86.15 ± 0.66 2217.25 ± 2.00

AS5 87.92 ± 0.49 2324.29 ± 8.00

AL 84.27 ± 0.59 2172.24 ± 16.31

AL2 88.85 ± 1.19 2282.25 ± 7.04

AL5 92.02 ± 1.05 2355.29 ± 8.95

Abbreviations: AL, autoclave long; AS, autoclave short; WB, water 
bath.
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Table 4   Tukey’s post hoc multiple comparisons test for the 
flexural strength of the acrylic resins

Tested 
group

Mean ± SD SSD

WB 77.23 ± 1.20 WB2, WB5, AS, AS2, AS5, AL, AL2, 
AL5

WB2 79.99 ± 0.58 WB, WB5, AS, AS2, AS5, AL, AL2, 
AL5

WB5 82.86 ± 0.49 WB, WB2, AS, AS2, AS5, AL, AL2, 
AL5

AS 82.27 ± 0.72 WB, WB2, WB5, AS2, AS5, AL, 
AL2, AL5

AS2 86.15 ± 0.66 WB, WB2, WB5, AS, AS5, AL, AL2, 
AL5

AS5 87.92 ± 0.49 WB, WB2, WB5, AS, AS2, AL, AL2, 
AL5

AL 84.27 ± 0.59 WB, WB2, WB5, AS, AS2, AS5, 
AL2, AL5

AL2 88.85 ± 1.19 WB, WB2, WB5, AS, AS2, AS5, 
AL, AL5

AL5 92.02 ± 1.05 WB, WB2, WB5, AS, AS2, AS5, 
AL, AL2

Abbreviations: SD, standard deviation; SSD, statistically significant 
difference.
Note: SSD from the tested group at p ≤0.05 level of significance. 
Multiple comparison tests for all pairwise differences between means.

Table 5   One-way ANOVA test for elastic modulus within the polymerization technique groups

Polymerization technique Glass fiber reinforcement Mean difference p-Value

WB 5% 0% 206.91 0.000a

5% 2.5% 100.72 0.000a

2.5% 0% 106.19 0.000a

AS 5% 0% 209.84 0.000a

5% 2.5% 107.03 0.000a

2.5% 0% 102.81 0.000a

AL 5% 0% 183.04 0.000a

5% 2.5% 73.03 0.000a

2.5% 0% 110.01 0.000a

aStatistically significant at p ≤0.05.

Table 3   One-way ANOVA test for flexural strength within the polymerization technique groups

Polymerization technique Glass fiber reinforcement Mean difference p-Value

WB 5% 0% 5.64 0.000a

5% 2.5% 2.87 0.000a

2.5% 0% 2.77 0.000a

AS 5% 0% 5.65 0.000a

5% 2.5% 1.77 0.000a

2.5% 0% 3.88 0.000a

AL 5% 0% 7.75 0.000a

5% 2.5% 3.17 0.000a

2.5% 0% 4.58 0.000a

aStatistically significant at p ≤0.05.

significant higher flexural strength as compared with WB2 
and WB groups (p = 0.000). Elastic modulus was significantly 
higher in AS5 as compared with AS2 and AS groups when the 
comparison made within the short-cycle autoclave groups 
(p = 0.000) as shown in ►Table 5.

A Tukey’s post hoc test showed that the elastic modulus 
was statistically significantly higher in AL5 (2355.29 ± 8.95 
MPa; p = 0.000) as compared with the other test groups, 
while WB group presented significantly the lowest elastic 
modulus value (2067.08 MPa; p ≤0.05; ►Table 6).

Analysis of SEM Micro-Images
Microphotos from the SEM show the resin matrix and the 
impeded glass fibers in the fractured sides of the specimens 
among the tested groups (►Fig. 1). All microimages included 
in the study were captured at a magnification of 2,000×. It 
can be noticed in ►Fig. 1A that the resin matrix is less homo-
geneous and contains irregular patterns of fracture lines and 
voids, while ►Fig.  1B displays that the crack line propaga-
tion within the matrix resin ended at the horizontally posi-
tioned glass fibers. ►Fig.  1C exhibits spaces of deattached 
glass fibers. ►Fig. 1D shows more homogenous matrix with 
less voids and less irregular fracture lines. ►Fig.  1E exhib-
its several spaces of deattached glass fibers, which remained 
attached to the resin matrix in the other side of the fracture 
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line. ►Fig.  1F shows the tendency of glass fibers to form 
clusters during the resin polymerization. ►Fig.  1G exhib-
its more homogenous matrix with some grooves while 
►Fig. 1H and 1I show fractured and clustered glass fibers.

Discussion
While PMMA has been shown to possess inadequacies, such 
as a low flexural strength due to repeated denture base flexing 
under continuous biting forces, it has been considered the pre-
ferred material to construct removable prostheses due its bio-
compatibility, adequate aesthetic results, and ease of prepa-
ration and manipulation.6,11 Different techniques have been 
utilized to strengthen the structure of PMMA and to improve 
its mechanical properties. These techniques included adding 
fibers to the PMMA powder and modifying the polymeriza-
tion procedures either by using a different methodology, such 
as an autoclave technique and a microwave technique, or by 
changing the polymerization process time.10,13,19

The goal of this in vitro study was to assess the impact of 
glass fiber reinforcement and the autoclave polymerization 
technique on the flexural strength and elastic modulus of the 
heat-polymerized acrylic resin material. The null hypothesis 
was rejected as the fiber reinforcement with the long-cycle 
autoclave polymerization technique significantly and posi-
tively enhanced the flexural strength and elastic modulus of 
the heat-polymerized acrylic resin.

As a term, autoclave has been used to describe the ele-
vation of temperature and pressure in sealed vessels to 
process materials based on raising the water boiling point 

above 100°C to the point at which the volume of the con-
tainer remains constant.11 The autoclave technique was ini-
tially invented as a tool for sterilization in 1879 by Charles  
Chamberland.32 Abdulwahhab33 reported that the auto-
clave polymerization improved the impact strength and the 
hardness of acrylic denture base resins.

In this study, the autoclave polymerization technique had a 
significant impact on the flexural strength of the acrylic resins 
with and without the glass fiber reinforcement, especially the 
long-cycle autoclave group when it was compared with the 
water bath technique. However, the long-cycle autoclave polym-
erization technique with glass fiber reinforcement significantly 
had an impact on the flexural strength and elastic modulus as 
compared with the same cycle without fiber reinforcement.

The result of this study is in agreement with other studies 
that showed a significant impact of the autoclave polymeriza-
tion technique on the flexural strength of the acrylic resin. Ayaz 
et al10 reported that the autoclave polymerization technique 
presented significantly higher hardness than the conventional 
water bath technique. They attributed this result to the signif-
icant decrease in the residual monomer content as compared 
with the conventional technique. Moreover, different studies 
have shown the negative impact of high residual monomer 
content, which can act as a plasticizer. A plasticizing change in 
the resin polymer can result in a disintegration of the polymer’s 
chains, which can lower its resistance against deformation.34,35

Glass fibers are inorganic materials related to 
alumina-lime-borosilicate. They have a reinforcement 
advantage due to its resistance to the heat and chemicals 
and have good mechanical properties. Moreover, they have 
a low surface energy due to its hydrophobic nature and it 
is less susceptible to oral cavity moisture.19,28 Treating the 
surface of glass fibers with a silane-coupling agent increases 
the fibers’ impregnation into the PMMA powder matrix, 
which increases the resin strength.19

The result of the present study was coincident with dif-
ferent studies that showed that glass fiber reinforcement 
had a favorable impact on the mechanical properties of the 
acrylic resins.22,23,36 Moreno-Maldonado et al36 found that 
the glass fibers strengthened the PMMA in comparison to 
the polyethylene fibers. This strengthening was referred to 
the chemical adhesion of silane to the glass fiber structure, 
which made the glass fibers adhere better to PMMA poly-
mer matrix.35 However, this positive impact of glass fibers 
has been affected by different factors, like the fibers’ orien-
tation, fibers’ concentration, and fibers’ integration into the 
PMMA.36,37 Furthering this research, the result of this study 
displayed that the flexural strength and elastic modulus 
increased by increasing the concentration of glass fibers 
despite of the polymerization technique due the fibers’ 
stiffness that exceeded the surrounding polymer matrix, 
which allowed it to withstand the flexural strength as com-
pared with the nonreinforced acrylic resins.

In addition, by applying the load on the specimen, the 
tension occurred below the long axis of the specimen. 
Thus, glass fibers likely reduced the flexure of the specimen 
because of the increased chemical boning of the glass fibers, 

Table 6   Tukey’s post hoc multiple comparisons test for the 
elastic modulus of the acrylic resins

Tested 
group

Mean ± SD SSD

WB 2067.08 ± 11.03 WB2, WB5, AS, AS2, AS5, AL, 
AL2, AL5

WB2 2173.27 ± 5.40 WB, WB5, AS, AS2, AS5, AL, 
AL2, AL5

WB5 2273.98 ± 5.71 WB, WB2, AS, AS2, AS5, AL, 
AL2, AL5

AS 2114.44 ± 2.62 WB, WB2, WB5, AS2, AS5, AL, 
AL2, AL5

AS2 2217.25 ± 2.00 WB, WB2, WB5, AS, AS5, AL, 
AL2, AL5

AS5 2324.29 ± 8.00 WB, WB2, WB5, AS, AS2, AL, 
AL2, AL5

AL 2172.24 ± 16.31 WB, WB2, WB5, AS, AS2, AS5, 
AL2, AL5

AL2 2282.25 ± 7.04 WB, WB2, WB5, AS, AS2, AS5, 
AL, AL5

AL5 2355.29 ± 8.95 WB, WB2, WB5, AS, AS2, AS5, 
AL, AL2

Abbreviations: SD, standard deviation; SSD, statistically significant 
difference.
Note: Multiple comparison tests for all pairwise differences between 
means. SSD from the tested group at p ≤ 0.05 level of significance.
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and the fibers’ thickness reduced the elongation of the poly-
mer matrix. Inanaga et al38 and Shimozato et al39 reported the 
same result when the flexural strength of the carbon fibers 
reinforced acrylic resin was investigated.

The SEM photographs revealed that glass fibers have 
stopped the lengthening of the resin matrix during the flexural 
strength test, which resulted in improvement in the flexural 
strength of the specimens. In ►Fig. 1B the crack propagation 
ended at the glass fiber which may indicate the significant 
increase of flexural strength of reinforced specimens after the 
addition of glass fibers. ►Fig. 1F, 1I show the cluster forma-
tion of glass fibers during the resin polymerization, which 
could offer an advantage to increasing the resin strength. Fur-
thermore, it has been noted that the complete fracture of the 
specimens occurred in instances when the glass fibers have 
fractured. The fracture of the glass fibers occurred at a differ-
ent level than the resin matrix after the fiber bending, which 

could explain the apparent fracture resistance these fibers 
provided to the resin. The photographs show a good contact 
between the resin matrix and glass fibers, which could be 
referred to the wetting of the fibers using the saline-coupling 
agent.26

As the elastic modulus test shows the ability of the acrylic 
resin to resist the elastic deformation, the result of this 
study exhibited that the glass fiber reinforcement improved 
the elastic modulus of the resin. Nagai et al40 reported that 
the glass fibers significantly improved the elastic modulus  
of the repaired acrylic resin. They found that the pretreat-
ment of the fibers surface with methylene chloride positively 
affected the elastic modulus of the reinforced specimens.

The study limitations included the different environment 
represented in the laboratory setting as compared with the 
clinical settings where the moisture of the oral cavity could 
affect the behavior of the material. In addition, the material 

Fig. 1  Scanning electron microscopy images representing specimens of the tested groups at the fractured side. (A) WB group, (B) WB2 group, 
(C) WB5 group, (D) AS group, (E) AS2 group, (F) AS5 group, (G) AL group, (H) AL2 group, and (I) AL5 group.
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