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PURPOSE. To evaluate the effect of various metal oxides on impact strength (IS), fracture toughness (FT), water
sorption (WSP) and solubility (WSL) of heat-cured acrylic resin. MATERIALS AND METHODS. Fifty acrylic resin
specimens were fabricated for each test and divided into five groups. Group 1 was the control group and Group
2,3, 4 and 5 (test groups) included a mixture of 1% TiO, and 1% ZrO,, 2% Al,O,, 2% TiO,, and 2% ZrO, by
volume, respectively. Rectangular unnotched specimens (50 mm x 6.0 mm x 4.0 mm) were fabricated and drop-
tower impact testing machine was used to determine IS. For FT, compact test specimens were fabricated and tests
were done with a universal testing machine with a cross-head speed of 5 mm/min. For WSP and WSL, disc-
shaped specimens were fabricated and tests were performed in accordance to 1ISO 1567. ANOVA and Kruskal-
Wallis tests were used for statistical analyses. RESULTS. IS and FT values were significantly higher and WSP and
WSL values were significantly lower in test groups than in control group (P<.05). Group 5 had significantly
higher IS and FT values and significantly lower WSP values than other groups (P<.05) and provided 40% and
30% increase in IS and FT, respectively, compared to control group. Significantly lower WSL values were
detected for Group 2 and 5 (P<.05). CONCLUSION. Modification of heat-cured acrylic resin with metal oxides,
especially with ZrO,, may be useful in preventing denture fractures and undesirable physical changes resulting

from oral fluids clinically. [J Adv Prosthodont 2013;5:241-7]
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INTRODUCTION

Acrylic resin polymethyl methacrylate (PMMA) is the most
extensively used material in fabrication of dentures. Although
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it is very populat, this material is still insufficient in fulfill-
ing the ideal mechanical requirements of such appliances.'
Clinicians still encounter fractutre of this material due to
low resistance to impact, flexural, or fatigue stresses.” In
order to prevent fracture of the dentures, the thickness of
acrylic resin in susceptible regions, such as the palatal mid-
line, and the mandibular lingual and labial frenal attach-
ments has been increased.” In addition, improvement on
mechanical properties of denture base materials were tried
to be achieved either by adding a polyfunctional crosslink-
ing agent such as polyethylene glycol dimethacrylate* or by
incorporating a rubber phase,’ metal oxides, metal wire®” or
fibres.® The reinforcement of polymers used in dentistry
with metal-composite systems has been a prime interest.
Sehajpal and Sood’ added vatious amounts of powdered
Cu, Ag and Al into the PMMA resin and reported increased
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compressive strength but decreased tensile strength. Zuccari
¢t al.,"” evaluated the improvement of the mechanical prop-
erties of PMMA, polyethyl methacrylate (PEMA) and poly
isobutyl methacrylate (PIMA) resin matrices by reinforcing
with oxides of Al, Mg, Zr and pulverized E-glass particles.
They suggested that 2% admixtures by volume in PMMA
resin matrix resulted in better mechanical properties.

PMMA absorbs relatively small amounts of water when
placed in an aqueous environment due to the polarity of
the resin molecules." By forcing the polymer chains apart,
water absotbed into the material by a diffusion mechanism
causes a slight expansion which may compensate the shrink-
age that occurs during fabrication of heat-cured denture
bases.'”” The absorbed water in the polymer networks can
cause physical changes such as plasticization and softening,
leading to a decrease in transverse strength and fatigue lim-
it."" Water sorption also has detrimental effect on the col-
ot stability." The amount of watet sorption should not
exceed 32 pg/mm?’ for heat-cured or chemical-cured materi-
als according to the International Standards of Organization
(ISO) specification No. 1567."3

Denture base acrylic resins are soluble in a variety of
solvents, but the solubility in the fluids encountered in the
oral cavity is not a favorable and desired property.'" The
solubility of the acrylic resins represents the amount of
water-soluble ingredients, unreacted monomers, plasticizers
and initiators that leached out during 7 days the specimen
was immersed in watet.® The solubility of specimen is mea-
sured by the observed loss of weight of the acrylic. As has
been presented by the ISO specification No. 1567, the solu-
bility value should not exceed 1.6 ng/mm? for heat-cured
and 8.0 ng/mm? for chemical-cured materials."

Since only the limited amount of data regarding the
effect of metal oxides on heat-cured PMMA are available in
the literature, the purpose of this study was to investigate
the influence of different types and amounts of the metal
oxides on some mechanical and physical properties of heat-
cured PMMA.

MATERIALS AND METHODS

Impact strength, fracture toughness, water sorption and
solubility tests of modified and unmodified heat-cured
acrylic resin were carried out in this study. For each test, 50
acrylic resin specimens were fabricated and divided into 5
groups with 10 specimens each. One group was the control
group and others were the test groups, which were formed
according to the types and amounts of metal oxides incor-
porated into the acrylic resin (Table 1).

The oxide powders used were aluminium oxide (AlLO,)
(Alcao, Deutschland GmBH, Germany), titanium oxide
(TiO,) (Aldrich Chemie GmBH, Germany), and zirconium
oxide (ZrO,) (Merck, Wasserfrei, Darmstadt, Germany).
The oxide powders were heated at 800T for two hours in a
muffle furnace for dehydration and then they were treated
with a metal alloy primer (MP 1I, GC Corp. Tokyo, Japan)

and allowed to dry for 5 minutes in a thermostatic oven at
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Table 1. Groups and metal oxides used in this study

Group 1 Control group (no oxide added)
Group 2 1% TiO, + 1% 2rO, added group
Group 3 2% AlLO, added group
Group 4 2% TiO, added group
Group 5 2% ZrO, added group

Fig. 1. Three types of acrylic resin specimens used in this
study. (A) Test specimen for fracture toughness, (B) Test
specimen for impact strength, (C) Test specimen for water
sorption and solubility.

62C."" The particle size of metal oxide powders was detet-
mined with a Master Sizer E (Ver.1.2b, Malvern Instru-
ments Ltd. Malvern, UK). The average size of metal oxides
ALO,, TiO,, ZrO, were 12.4, 9.6, and 8.6 um, respectively.
These values were much smaller compared to the particle
size (121.2 pm) of heat-cured PMMA resin. For test
groups, TiO, and ZrO, powders were admixed to the acryl-
ic resin powders at 1% and 2% by volume, while AL,O,
powders were admixed to the acrylic resin powders only at
2% by volume prior to polymerization.

A pink heat-cuared PMMA (Meliodent; Heracus Kulzer
Ltd, Berkshire, Germany) was used as denture base acrylic
resin in the present study (Fig. 1). The acrylic resin was sup-
plied as a powder and liquid. The specimens were fabricat-
ed according to the manufacturer’s instructions. After the
predetermined width and thickness of all specimens were
confirmed using a digital caliper (Model SC-6; Mitutoyo Sul
Americana Ltda, Suzano, SP, Brazil), the final finishing was
performed using 600 grit silicone carbide sandpaper
(Navyug Sales Corporation, Delhi, India).

For impact strength testing, 50 unnotched acrylic resin
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specimens (50.0 mm X 6.0 mm X 4.0 mm) were fabricated
from a stainless steel mold. The dimensions of the speci-
mens were selected as suggested in the former studies.'™'
Before testing, the specimens were allowed to remain in
distilled water at 37C for a week. The low velocity impact
strength tests were performed using a drop tower impact
test machine (Dynatup 9250 HV, Instron Corp. Bucks,
UK). Impact strength (I) was calculated as kJ/m? with the

following formula:
1= (/W10
where E is the energy (which breaks the test specimen),
W is the specimen width, and T is the specimen thickness.

For fracture toughness testing, 50 acrylic resin compact
test specimens were fabricated from a stainless steel mold
(Fig. 2) and tests were carried out as described in the study
of Yilmaz and Kotkmaz." After all specimens wete stored
in distilled water at 37C for 24 hours, using a razor blade, a
precrack was formed at the end of the slots of samples
(Fig. 3). Fracture toughness tests were performed in a uni-
versal testing machine (Zwick 2020, GmbH and Co, Ulm-
Einsingen, Germany) with a cross-head speed of 5 mm/
min, and peak load to fracture was recorded. The recorded
data were used to determine the fracture toughness (K, ) in
MPa-m'/? according to the following formula:"

K, =pc/ bw!/2-F(a/w)

where pc is the maximum load (kN) prior to crack advance,
b is specimen thickness (cm), w is the width of the specimen
(cm) and

@ +2/w) (0.886 + a/w - 1332 2/% + 2*/w’- 5.6 a*/w)

(1-a/w)*?
where a is crack length (crack starter notch plus fatigue
crack, cm).

F@a/w) =

1 + 010W (15 mm) |

25W+ 005W diameter
|_—" 2HOLES

6W+ _005W (7.2 mm)

.

Fig. 2. Compact test specimen used for fracture
toughness testing. (w = 12 mm, b =4 mm, a = 2.4 mm)
(Reprinted from Materials & Design, Yilmaz C, Korkmaz
T, The reinforcement effect of nano and microfillers on
fracture toughness of two provisional resin materials,
28(7): 2063-70, 2007, with permission from Elsevier).

B=4mm

For water sorption and solubility testing, a stainless steel
mold was used to prepare specimen disks in accordance to
International Organization for Standardization (ISO)
No.1567," with the exception of the dimensions of test
specimens. A hundred acrylic resin specimens, 50 for water
sorption and 50 for solubility test, were prepared with the
nominal dimensions of 50 = 1 mm in diameter and 2.5 +
0.05 mm in thickness. The top and bottom surfaces of
disk-shaped test specimens were flatten by grinding with
600 grit silicon carbide sandpaper and dried in dessicator
containing thorougly dry anhydrous silica gel (freshly dries
at 130C) at 37 = 2°C for 24 houts. Specimens were stood in
ambient temperature for 1 houtr. The previously described
drying cycle was repeated until the weight loss of each disk
was not more than 0.2 mg in any 24 hour period. After the
specimens reached constant mass (W1), they were immersed
in distilled water at 37C £ 1 for 7 days. After that time,
each specimen was removed from the water, wiped with a
clean dry hand-towel until free from visible moisture, and
waved in the air for 15 seconds. Then each specimen was
weighed 1 minute after removal from the water with a pre-
cision of 0.2 mg, This mass was recorded as W2. After this
weighing, the discs were reconditioned to constant mass in
the dessicator described previously. This reconditioned
mass was recorded as W3.1

The values for water sorption (Wsp) and solubility (Wsl)
were obtained in g/cm’ for each of the specimens were cal-
culated using the following formulas:

Wsp =W2-W3/V
Wsl=W1-W3/V

where W1 is the conditioned mass in g prior to immer-
sion in water, W2 is the mass of the specimen in g after
immersion in water; W3 is the reconditioned mass of the
specimen in g after drying and V is the volume of the spec-
imen cm’. After completing the calculation, the values wete
converted to ug/mm?’.

«—— PRECRACK

N<w/10 (1 mm)

A5W to 55W

Fig. 3. Precrack formation of a specimen before fracture
toughness testing. (Reprinted from Materials & Design,
Yilmaz C, Korkmaz T, The reinforcement effect of nano
and microfillers on fracture toughness of two provisional
resin materials, 28(7), 2063-70, 2007, with permission
from Elsevier).
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Shapiro-Wilk test was used to examine whether the dis-
tribution of variables were normal or not. If the obtained P
value is greater than .05, the distribution of the variable is
normal.

ANOVA test was used for statistical analyses of impact
strength and fracture toughness test results. Since the distri-
bution of variable was normal, Tukey HSD statistical test was
used to determine which groups had statistically significant
differences. P<.05 was considered statistically significant.

Kruskal-Wallis test was used for statistical analyses of
water sorption and solubility test results. Since the distribu-
tion of variable was not normal, Mann-Whitney U statisti-
cal test was utilized to determine which groups had statisti-
cally significant differences. P<.05 was considered statisti-
cally significant.

RESULTS

The statistical summary and statistically significant differenc-
es for IS, FT, WSP and WSL tests were shown in Table 2.

IS and FT values were significantly higher in Group 2,
3, 4 and 5 than in control group (P<.05). Group 5 demon-
strated significantly higher IS (6.5536 * 0.069 kJ/m? and
FT (1.6638 £ 0.003 MPa-m'?) mean values compared to
other groups (P<.05) and resulted in 40% and 30% increase
in IS and FT respectively, compared to control group (IS =
4.6042 + 0.066 kJ/m? FT = 1.2743 £ 0.002 MPa-m'/?).
However, Tukey HSD statistical test showed no significant
difference between Group 2 and Group 4 in terms of IS (P>
.05).

WSP and WSL values were significantly lower in Groups
2,3, 4 and 5 than in control group (P<.05). Group 5 showed
significantly lower mean WSP value (17.5 ug/mm?) and
Group 2 and 5 yielded significantly lower WSL value (1.4

ug/mm’) compared to other groups (P<.05). Mann-Whitney
U statistical test presented no significant differences between
Group 2 and 5, Group 3 and 4 in terms of WSL and
between Group 3 and 4 in terms of WSP (P>.05).

DISCUSSION

Actrylic resin is the most commonly used material for the
construction of denture due to its esthetics, ease of manip-
ulation and low cost. However, this material is not ideal
because of its relatively low mechanical strength, which can
cause the fracture of denture. The present study investigat-
ed the effects of some metal oxides, such as TiO,, AL O,
and ZrO, that are abundantly available, on impact strength,
fracture toughness, water sorption and solubility of acrylic
resin.

To date, polymers have been reinforced by adding mate-
rials such as metal oxides,” metal strengtheners,"” carbon-
graphite fibers,** aramid fiber,”” ultra-high molecular
weight polyethylene fiber (UHMWPE),” and glass fibers."*!
The size, shape and distribution of filler paricles in the
polymer matrix and strong adhesion at the interface play
major role on the mechanical properties of particulate-
filled polymer composites.”® The size of metal oxide parti-
cles should be small for proper processing.®® The particle
sizes of metal oxides (7-13 um) used in this study are much
smaller than that of powder resin particles (121.2 pm).
Therefore, the metal oxide particles will fill the interstitial
of polymer particles to give a heterogenous mixture and
will not force the displacement of the segments of polymer
* Furthermore, the percentage of metal oxides should
be kept low to ensure that they will be embedded in resin.
The advantage of fillers used in the current study is the
lower density, thus the light weight of acrylic resin is main-

chain.

Table 2. Statistical summary for impact strength (kJ/m?), fracture toughness (MPa.m'?), water sorption (ug/mm?) and

solubility (ug/mm?) tests

IS FT WSP WSL
Mean 4.6042 1.2743 21.3 1.8
Group 1
SD 0.0669 0.0027 0.2 0
Mean 5.57662 1.3744 18.5 1.42
Group 2
SD 0.0745 0.0029 0.2 0
Mean 6.2351 1.4734 20.5° 1.6°
Group 3
SD 0.0584 0.0033 0.4 0
Mean 5.58462 1.3653 20.6° 1.6°
Group 4
SD 0.0733 0.004 0.3 0
Mean 6.5536 1.6638 17.5 1.42
Group 5 sD 0.0697 0.0037 0.2 0

(IS: Impact Strength, FT: Fracture Toughness, WSP: Water Sorption, WSL: Solubility, SD: Standard Deviation)
[#®: Same letters in the column denote no statistically significant differences between groups (P>.05), and there were statistically significant differences among other

groups (P<.05)].
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tained. All groups in this study contained only one type of
metal oxide, except Group 2. Mixing two metal oxides
(71O, and TiO,) having different particle sizes can lead to
have more particles per unit volume, which may provide
additional improvement of mechanical and physical proper-
ties of acrylic denture bases by inhibiting the spaces
between oxide particles.

The inorganic reinforcing particulate fillers usually dis-
play high surface energy because of the hydrophilic ionic
nature. However, the hydrophobic polymer does not wet or
interact interfacially with the filler due to the difference in
surface energies. It is essential to modify the filler surface to
improve surface wetting and adhesion between the filler
and matrix." In the current study, prior to admixing with
the polymer beads, the fillers were treated with a metal
bonding agent (MP 1I) to create strong interphase between
structural matrix and the resin matrix.

In the present study, the reinforcement of polymer with
metal oxides caused significantly higher impact strength and
fracture toughness values compared to control group. Since
fracture toughness (K, ) and impact strength (I) are the
most important properties of an acrylic resin denture base,
it is desirable to produce a K. and I values as high as possi-
ble” Group 1 had fracture toughness value of 1.27 MPa-m'/?
and impact strength value of 4.68 kJ/m? Among test groups,
Group 5 showed the highest impact strength (6.55 kJ/m?)
and fracture toughness (1.66 MPa-m'/?) values, meaning 30%
increase in fracture toughness and 40% increase in impact
strength. This improvement might be related to the smallest
particle dimension and proper distribution of ZrO,, which
could lead to an increase in crack length during the process
of fracture. Increasing crack length can result in the
increase in energy absorption before fracture.”

Improving mechanical properties of acrylic denture
bases by incorporating particulate fillers has been studied
by few researchers. The results of the present study are
consistent with those reported in the study of Zuccari ez
al’ in which AL,O,, MgO and ZrO, powders were applied
to reinforce the self-cured acrylic resins used to fabricate
provisional fixed restorations. Among oxide particles, 2%
710, exhibited the greatest improvements in modulus of
elasticity, transverse strength, toughness and hardness.
Schricker ¢f al.,”” evaluated the effect of methacrylated
hyperbranched polymers (MA-HB) prepared in different
concentrations on the fracture toughness. They found that
the fracture toughness values were 1.45 and 1.81 for con-
trol and 1% MA-HB added groups, respectively. On the
other hand, Elshereksi ¢7 a/,” investigated the influence of
10 wt% BaTiO, filler incorporation on the fracture tough-
ness of PMMA. They presented decreased K. values for
the test group compared to the control group. This was
explained by slightly weak adhesion between BaTiO, and
polymer matrix and by anisotropic particle orientation
throughout composite material. Also, they did not report
any bonding agent used to treat BaTiO, in order to improve
bonding between filler and polymer matrix. Schulze ez al.,”
concluded that an increase in filler fraction does not neces-

sarily lead to an increase in strength. Because higher filler
fractions create more defects that weaken the materials.
Low filler fractions used in this study might have caused
higher strength values obtained in the test groups. In order
to be able to compare the results of similar studies, the
loading conditions and specimen geometry, such as the
dimensions of the sample and the presence and configura-
tion of notches should be the same.> Since no studies exist
in the literature that utilized the same impact strength test-
ing machine and relevant loading conditions, misleading
conclusion may result when comparing the impact strength
result direclty with other studies.

While improving the mechanical properties of a denture
base acrylic resin, it is also of great importance not to com-
promise its physical properties such as water sorption and
solubility. Acrylic resin dentures are notable for their ten-
dency to absorb water, which causes corresponding dimen-
sional change and the hydrolytic degredation of poly-
mers.”? Solubility represents the mass of soluble materials
from polymers. Initiators, activators, plasticizers and residu-
al monomers are the soluble materials found in denture
base acrylic resins.'' For denture base polymers, the value
of water sorption should be less or equal to 32 pug/mm? as
recommended by ISO 1567." Previous studies reported
values of 10-25 pg/mm? for the water sorption of different
types of acrylic resins.”** In this study, the highest mean
water sorption value, 21.3 pg/mm?’, were obtained for
Group 1, which was very below the recommended value
and in agreement with the results of other studies.’*”
When Group 1 and other groups were compared, it was
observed that metal oxide incorporation lead to a decrease
in water sorption values. Group 5 showed the lowest mean
water sorption value of 17.5 pg/mmﬂ which was signifi-
cantly lower than the other groups. As a result of solubility
test, the mean values of test groups complied with the
requirements of the ISO 1567" (not more than 1.6 pg/
mm?® for heat-polymerizing acrylic resins). Group 2, 3, 4,
and 5 had lower solubility values compared to Group 1.
The lowest mean solubility values were determined for
Group 2 and 5, which were significantly lower than other
groups. The reasons why metal oxide added groups exhibit-
ed significantly lower water sorption and solubility values
than control group can be explained in several ways. During
the polymerization process of acrylic resins, porosity or
microvoids can occur among polymer chains. A high level
of porosity or microvoids has been shown to facilitate fluid
transport into and out of polymer by serving as sites for
molecules to be sequestered and leading to enhanced sol-
vent uptake and elution.”® The metal oxides used in this
study are insoluble in water *” and could reduce the overall
volume of the absorbing polymer.*® The second factor
could be the metal bonding agent which was used to treat
metal oxides. The metal primer, based on thiophosphoric
acid methacrylate, had similar chemical nature with polymer
matrix. Thus, the metal oxide-resin interface provided by
metal bonding agent could lead to a reduction in the
amount of water that reached to the inner layers of the
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polymer matrix. Vallittu™ compared two different silane

compound agents in improving adhesion between fibres
and acrylic denture base material. He reported that treating
fibre with silane compound decreased the voids between
polymer matrix and fibres, which led to less water sorption.

CONCLUSION

Within the limits of this study, the following conclusion can
be drawn. Since Al,O,,TiO, and ZrO, fillers resulted in sig-
nificant increase in impact strength and fracture toughness
and significant decrease in water sorption and solubility,
modification of heat-cured acrylic resins with certain
amounts of metal oxides, especially with ZrO,, may be use-
tul in preventing denture fractures and undesirable physical
changes resulting from oral fluids clinically.
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Comparison of condylar guidance using ARCUS digma 2 and Checkbite
Dong-In Lee, DDS, MSD, Chang-Hee Lee, DDS, MSD, Mee-Kyoung Son, DDS, PhD, Chae-Heon Chung, DDS, PhD, Dong-Wan Kang*, DDS, PhD
Department of Prosthodontics, School of Dentistry, Chosun University, Gwangju, Republic of Korea

Purpose: Nowadays, checkbite methods and a digital sensor are used to analyze the movement of mandible. However, there are
no study comparing two methods. Therefore, this study has compared measuring the condylar inclination methods by using the
new ARCUS digma 2 system and the checkbite method. Materials and methods: Young 20 adults without any orthodontic
treatment experiences, missing teeth, and restorations with the change of occlusal plane were tested. Angles of condylar path
were measured 3 times each, based on Camper's line, by using two methods. KaVo PROTAR Evo 7 semi-adjustable articulator
was used and the data were statistically analyzed. Results: 1. The anterior sagittal condylar inclination by ARCUS digma 2
system were measured as 26.97°(+7.38°) on the left side and 29.80°(+8.19°) on the right side. The lateral condylar inclination
were measured as 5.75°(+3.47°) on the left side and 8.10°(+4.98°) on the right side. 2. The anterior sagittal condylar inclination
by checkbite method were measured as 25.20°(+6.53°) on the left side and 28.18°(+7.38°) on the right side. The lateral condylar
inclination were measured as 10.97°(+5.63°) on the left side and 12.03°(+5.22°) on the right side. There was no statistically
significant difference between male and female (P>.05). 3. The lateral condylar inclinations of ARCUS digma 2 were statistically
significantly smaller than that of checkbite method (P<.05). Conclusion: In Both of 2 methods, there was no statistically
significant difference between male and female (P>.05). However, the lateral condylar inclinations of ARCUS digma 2 were
statistically significantly smaller than that of checkbite method (P<.05). (J Korean Acad Prosthodont 2013;51:153-9)

Key words: ARCUS digma 2; Checkbite method; Condyle inclination
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