Materials Research. 2019; 22(suppl. 1): 20180876
DOI: http://dx.doi.org/10.1590/1980-5373-MR-2018-0876
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The goal of this study is to test photoelastic resins for manufacturing models with teeth and/or
implants under chewing load. Four commercial brands have been chosen: Araldite (Ciba Chemicals),
Flexible GIV-Rigid GIV (Polipox) and PL2 (Measurements Group). Nine discs were manufactured,
four of them from each of the photoelastic resin brands and five from different proportions of mixture
between Flexible GIV and Rigid GIV. All the models were subjected to the diametral compression test,
and observed in a circular polariscope. The first order fringe has always been adopted as a benchmark
to calculate the photoelastic constant. To the load of interest (150 Newtons), Flexible GIV resin
showed areas that followed the elastic regime. Residual stresses for the resin PL2 and persistence of
bubbles within the model were observed. Rigid GIV Resin generated the first fringe order only at 280
Newtons load. Araldite resin behaved within the elastic regime and there were no areas with excessive
concentration of fringes. The models generated from the manual mixing generated non-homogeneous
photoelastic images. The Araldite resin showed to be the most suitable material for manufacturing
birefringent models with teeth and/or implants under chewing load.

Keywords: photoelastic resins, two-dimensional photoelasticity, dental models.

1. Introduction

Photoelasticity is a stress analysis technique, based on
the mechanical birefringence property, inherent to some
transparent polymers. It also uses the properties of polarized
light and mechanical loads on bodies of interest!-.

A fundamental point in the photoelastic analysis is
the choice of the proper resin which must present specific
properties such as transparency to light, workability, absence
of residual stresses and, yet, being a birefringent material 7.
Besides that, researches in the dental field who make use of
this experimental method for stress analysis, especially where
masticatory loads have to be reproduced, should consider,
together with other aspects, the sensitivity of those materials
to the load itself. In this way, a photoelastic material would be
properly indicated for the procedure, taking into account its
behavior in forming sharp fringes within its elastic regimen,
when loaded according to the real clinical situation®. The
photoelastic technique is the easiest one for conditions which
better reproduce the actual loads® 3.

The aim of this work is to study some photoelastic resins
for the construction of transparent models that be closest
as possible to a clinical tooth and/or implant condition
under masticatory load. Additionally, it is meant to produce
meaningful knowledge for the choice of the most adequate
photoelastic resin among four commercial brands most used
in laboratory studies.
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2. Literature Review

The photoelasticity theory was first drawn by Sir David
Brewster in 1816, when he discovered that transparent materials
having an isotropic character could become anisotropic when
submitted to mechanical loads 5. The dentistry study that
first made use of this method dates from 1935. Since then, it
became extensively used in several dental areas. Furthermore,
it is still very employed as a quality control tool.

The main advantage of this technique lies on the simultaneous
visualization of the stresses generated in the loaded models,
when those stresses can be calculated and photographed. On
the other hand, the need for using models closest as possible
to reality is a limitation of the method, since those models
are built from materials which are different from those you
are supposed to emulate ' An adequate choice of the resin,
considering the necessary characteristics of a material being
classified as photoelastic, is then the main fact that attests
the method is reliable' ¢17.

For a photoelastic trial, it is necessary to use, for constructing
the models, birefringent materials able to fulfill some minimal
requirements. Transparency to the light used in the polariscope
is fundamental 7, while the lost of transparency can occur
due to two reasons: (1) decrease in indexes of refraction of
the constituent materials and (2) trapped air. In both cases,
there is an alteration in the photoelastic medium properties
leading to light dispersion, therefore reducing the material
transparency '8,
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Another point considered is the possibility of the material
to suffer the “the border effect”, a phenomenon related to the
water absorption and evaporation by the plastic materials,
resulting in changes in the model dimensions and consequently
in the internal stresses '’

The photoelastic sensitivity to induced stresses
on the model is a very relevant characteristic and it is
represented by a photoelastic constant ¢. A highly elastic
module will guarantee that the material, when loaded,
will not have its shape altered '°. From the association
of those two properties, the photoelastic constant and
the elasticity module, a third property to be considered,
known as figure of merit measures how sensitive are
those resins. Ideally, the value of the figure of merit
should also be the highest as possible and keep constant
during the test. It is common, within the photoelastic
resins, the presence of intrinsic stresses known as residual
stress. Having the photoelastic materials in mind, those
stresses will interfere upon the results, which makes
their extrapolation invalid '2!.

Ideally, the model materials should emulate the behavior,
in clinical situations, of what one intends to reproduce 1.
In the case of models that simulate dental tissues, their
properties should be close to those related to enamel and
dentin. Such structures are responsible for receiving the
chewing efforts, and the stresses generated are transmitted
to the dental support tissues. For supporting tissues, in this
case, the alveolar bone, the photoelastic material for its
simulation should, at a minimum, be able to work within
its elastic limit. Moreover, it best provides a photoelastic
response compatible with the load intensity imposed on
photoelastic models, and preferably from “loads that best
emulate a real condition” 13. And since all the factors that
act in the oral medium cannot be faithfully reproduced,
at least a material should be used which best furnishes a
photoelastic answer compatible to the load intensity being
imposed on the photoelastic models when submitted to the
stresses. So that the fringes seen on the polariscope are clear
and well delimited, allowing extrapolating the results to the
clinical condition.

Thus, the goal of this study was to test some properties
of four photoelastic materials for constructing transparent
models that be closest as possible to a clinical tooth and/
or implant condition under masticatory load. Producing
meaningful knowledge for selecting the most adequate
photoelastic resin among four commercial brands most used
in laboratory studies is also pursued.

Materials Research

3. Methods

3.1 Photoelastic Resins in Odontology

Four very required commercial brands in two-dimensional
test of resins were chosen, for constructing models to submit
to a condition that simulates the occlusal loads. The option
for the mentioned brands (Chart 1) was based on an extensive
recommendation in the pertinent literature %23 142223,

Chart 1 shows resins based on epoxy and polycarbonate
and their presentation is in the liquid form (pre-polymer),
plus a curing agent, both of which have to be mixed and
carefully manipulated at the moment of the photoelastic model
construction. They are indicated for work at room temperature.
All the materials generate translucent and colorless mixtures,
except the PL2 resin, which produced a yellowish liquid. The
amount of material used must be previously calculated and the
ratio of the two components must follow the manufacturer’s
instructions. For the handling of the materials cited in Chart
1, some precautions were taken, since they can cause allergic
reactions. Therefore, handling of those resins was performed
in an airy place, using rubber gloves, protection goggles and
masks, according to some manufacturers’ orientations.

3.2 Preparation of specimens — scaling and
modeling of discs

The resins sensitivity was determined by using a
transparent disc, under diametral compression load; and,
during the photoelastic test, by forcing a determined fringe
to pass through the center of the disc, while generated images
were recorded. This is one of the standard procedures for
determining the photoelastic resin sensitivity.

Initially a metallic disc, having smooth surfaces and
measuring 50 mm in diameter and 5 mm thick, was glued to
the bottom and at the center of an acrylic box, fully collapsible
[12]. Industrial molding silicone (SILICONE 8001 — Casa
da Resina e do Silicone) manipulated in the ratio of 100 g
base pasta to 3 g catalyst, was slowly poured into the box,
to cover all the disc, in the meantime creating a cover thick
enough for recovering its shape after handling.

Nine molds were made, one for each photoelastic resin
brand, plus other five for housing the different ratios of mixing
between the resins Flexible GIV (Polipox) and Rigid GIV
(Polipox), according to Chart 2. Each resin was carefully
poured into the moldings, to minimize the formation of
bubbles. After the polymerization time for each material,
the nine discs were removed from the molding (Figure 1).

Chart 1. Commercial brands, proportion of mixture and visual characteristics of the four resins used in this study.

Names/Commercial brands

Mixture’s proportions Visual characteristics

Araldite GY 279-BR and hardner Aradur HY2963-C (Produtos
Quimicos Ciba S/A do Brasil).

Flexivel GIV and hardner GIV (Polipox)
Rigida GIV and hardner GIV (Polipox)
PL2 (Measurements Group, Raleigh, NC, USA)

100pp resin / 42pp hardner Translucent and shiny aspect

100pp resin / 50 pp hardner Translucent and shiny aspect

100pp resin / 50 pp hardner Translucent and shiny aspect

100pp resin / 100pp hardner Yellowish appearance
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Chart 2. Number of each model, brands and mixture ratio, disc dimensions, experimentally calculated photoelastic constant, and necessary

load magnitude for forming the first order fringe.

Models Model Brands and mixture Diameter Thickness fo Load magnltu(.le intensity
. (Newtons) First order
number ratio (mm) (mm) (N/m) .
fringe
Model 1 Rigid GIV (100%) 50.4 5 14171.1 280.3
Rigid GIV (75%) 50.4 5 1097.1 21.7
Model 2 ]
Flexible GIV (25%)
Rigid GIV (50%) 50.4 5 638.5 12.6
Model 3 ]
Flexible GIV (50%)
Rigid GIV (25%) 50.4 5 585.2 11.6
Model 4 )
Flexible GIV (75%)
Model 5 PL2 (100%) 50.4 5 4714.3 933
Rigid GIV (90%) 50.4 5 195.9 3.9
Model 6
Flexible GIV (10%)
Rigid GIV (95%) 50.4 5 152.0 3.0
Model 7 .
Flexible GIV (5%)
Model 8 Araldite (100%) 50.4 5 8518.0 168.5
Model 9 Flexible GIV (100%) 50.4 5 366.5 8.3
Figure 1.

Avery common fact related resin handling is the formation
of bubbles during the incorporation of the resin to the catalyst
material, and their permanence even after the model is polymerized.
For preventing this, handling was slowly performed, for 12
to 15 minutes, being slowly poured into the space left by the

matrix. In relation to the resin PL2, the kit mould/resin was
submitted to a constant pressure of 30 psi during six hours,
inside the Bubble Eliminator for Orthodontic Apparels (VH).
A smooth surface was then obtained. Nevertheless, a not good
ideal goal persists: bubbles within the resin.
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3.3 Photoelastic Trial

Aiming at the analysis of sensitivity of the specimens of
photoelastic resins, each disc was submitted to a diametral
concentrated load ® while observed in a circular polariscope
(CDTN), under white light or monochromatic light, to get
the material photoelastic constant value ) for each material.

f,=8.P/(n.D.N) (D

In equation (1), P is the applied load (Newtons), © is a
constant equal to 3,1416, D is the disc diameter (m) and N
is the fringe order passing through the center of the disc.

Having in mind the possible effects of buckling from the
load application device, the first fringe was always adopted
as a reference value for calculating the constant fo. By
knowing this constant, the loads necessary for generating the
next fringe orders one can calculate by a simple equation.
In Chart 2, a general view of the obtained results is given.

Buckling of the model was a reference to stop increasing
additional loads. Besides, loads above 150 Newtons were
another reference taken into account for interrupting the test
(N=1), since values near 150 Newtons meet the masticatory
load at the molar region®.

Images were captured with a photo camera (T2i — Cannon)
for each first order fringe formed (N=1), either for white light

Figure 2.
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or monochromatic light besides the existence of residual
stress, after stop increasing the loads. Figure 2 illustrates
the images obtained for Model 1.

3.5 Image Simulation

Once having the model dimensions and the photoelastic
constant values for each material, other load increments were
applied, to test the material behavior in face to different
requirements, using SIMFOT % software. Five photoelastic
tests were simulated for a disc having the same radium and
thickness, under several diametral compression loads, the
only variation being the photoelastic constant (Chart 3)

4. Results

Simulations’ performed with the first order fringe result
generated images in gray levels similar to those obtained in
a conventional photoelastic test for all the models. Based
on the analysis of the images generated, one concludes that
the smaller the photoelastic constant, the more sensitive is
the material

It was noticed, under simulation, that the Flexible
GIV resin (Figure 3), under a load of only 20N, although
not having generated many fringes when compared to the
models in Araldite Resin, PL2 and Rigid GIV, presented
areas beyond the elastic regimen. When load was doubled
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Chart 3. Resin dimensions, photoelastic constants, applied loads and images obtained

Resins Diameter (cm)  Thickness (mm) col:ll::ﬁfsla(;tli/;) 1?:5):?13) Reference to images
Flexible GIV 50.5 5 261.4 20
Araldite 50.5 5 7197.8 20
PL2 50.5 5 3573.1 20
Araldite 50.5 5 7197.8 150
Flexible GIV 50.5 5 261.4 40

(Figure 7), this fact became still more clear, justifying its
low photoelastic constant value (261.4). For the aim of
this work, this material is not recommended due to its high
sensitivity in face of low load values.

Figure 3.

Figure 7.

Under simulation, Araldite resin under load of 20N (Figure 4)
behaved well within the elastic regime and under load of 150N
(Figure 6), no areas with excessive concentration of fringes
were observed. One notices that there was no formation of
residual stresses for this material. Many residual stresses were
observed for PL2 Resin, after ceasing load, which persisted
for more than 30 min, although the load had already been
suspended. Bubbles persisted within the model after the final
cure of the material. Even under constant pressure in the interior
of a bubble eliminator (VH), during all the time of curing,
the bubbles persisted in several model tested. This fact, on its
own, contraindicates the material for a photoelastic test, since
the material is expected to be homogeneous. The first order
fringe for the Rigid GIV Resin was only formed under a load
of 280N. Furthermore, residual stresses were observed in the
model after stop load increasing, according to Figure 2c. For
the models generated from the manual mixture of Flexible
GIV and Rigid GIV resins, in different ratios, one can do the
following observations:

* Model 2 (75% R +25% F): Excessive residual stress,
the first order fringe being formed ata 21 N load.

* Model 3 (50% R + 50 F): No residual stress was
noticed, first order fringe occurred at a 12.6 N load.

* Model 4 (25% R +50% F): No residual stress observed,
the first order fringe occurred ata 11.6 N load and the
model buckled at the second increment.

* Model 6 (90% R +10% F): No residual stress observed,
the first order fringe happened at a 3.9 N load, and the
model buckled at the second increment.
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* Model 7 (95% R + 5% F): No apparent residual
stress, the first order fringe took place at a 3.0 N load.

Figure 4.

FigureS.

Figure 6.

One can note that, despite the homogeneous visual
aspect, all the models obtained from those mixtures, when
under load and observed in a polariscope, displayed images
of non-homogeneous character, also presenting interruption
of continuity at some points of the photoelastic fringes.
No residual stress was observed for the Models 3 and 4,
while for the models with greater ratios of Rigid GIV Resin
(Models 1 and 2), internal stresses were seen after stop
increasing the load.

5. Discussion

Almost two centuries after the discovery of the principles
that guide the photoelastic technique ', issues and question
still remain. These are not related to the technique and to
the materials, but, actually, to simplifying what is the most
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relevant in a photoelastic test, that is, a resin that meets, the
nearest as possible, the aim of researches. Reliability on the
method can only be achieved from the principles that lie,
mainly, on the correct choice of the photoelastic material.
Ideally, the model stuff should emulate the behavior, in clinic
conditions, of what one aims to reproduce '. The method
applicability depends on the rapprochement between the clinical
situation and the test condition. In this sense, relevance is in
the occlusal loading simulation which best meets the desired
situation one is planning to reproduce, since it is impossible
to reproduce the oral tissues 8. “Photoelasticity is easier to
be used ... under loads that best emulate the real ones” .

The choice of the four brands of the tested resins in
this study was based on a extensive recommendation in
the pertinent literature for a two-dimensional photoelastic
test Nonetheless, no dental studies were found that gave
support for opting for a photoelastic resin to be used. As it
can be seen, it seems clear that the choice of the material
should meet the actual clinical situation. The following
patterns were assessed for the photoelastic materials ' 1%
17.21: photoelastic sensitivity to the induced stresses, elastic
regimen, transparence to the light used in the polariscope,
homogeneity and residual stresses. And for the analysis
of the material sensitivity, discs of different types of resin
were used, all having the same diameter and thickness. Each
disc was submitted to a diametral concentrated load, while
observed in the circular dark field polariscope (CDTN).
The secret for obtaining the photoelastic constant from the
mentioned disc is to increase the diametral compression
load until a certain fringe (its central part) passes through
the central point of the disc. At this point, in particular, it is
possible to calculate the photoelastic constant value based
on the said numeric value by means of which the fringe is
identified with the load compression value recorded by a
load cell. Having in mind the possible effects of buckling
resulting from the load application device, the first fringe
was always adopted as the reference value for calculating
the photoelastic constant (f). The values obtained for the
constant f_for each model were just references to enable the
sensitivity of the researched materials. The results show, in
a crescent scale of sensitivity, the following order: Model 7
(rigid GIV 95% + Flexible GIV 5%); Model 6 (Rigid GIV
90%-+ Flexible GIV 10%); Model 9 (Flexible GIV); Model
4 (rigid GIV 25% + Flexible GIV 75%); Model 3 (rigid
GIV 50% + Flexible GIV 50%); Model 2 (Rigid GIV 75%
+ Flexible GIV 25%); Model 5 (PL2); Model 8 (Araldite);
Model 1 (Rigid GIV).

For checking if the photoelastic experiment was correctly
conducted, images were generated in gray levels with a
simulation software FOTOFRAN %, related to a disc under
diametral compression load which, once given the disc
dimensions, together with the photoelastic constant and at
the load determined for the experiment. In this case, a pattern
of isochromatic synthetic fringes similar to the ones in the
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experiment should be generated. The simulation process is
very important, once the photoelastic constant is obtained, it
is possible to foreseen the expected behavior of isochromatic
fringes for greater magnitude loads.

In relation to the model loadings, the loads must be
applied directly on them and should not exceed and not even
get too near the resistance limit of the photoelastic resin,
since two facts may occur: the breaking of the model when
its fracture resistance limit is exceeded, or the jeopardizing
of the results, when the work is not done within the elastic
regime. This way, when considering the models in elastic
regime and the magnitude of the required load at the molar
region, the Araldite resin behaved within the elastic regime
under a loading magnitude very near the interest value (168.5
N). In a diametrically opposed way, the Flexible GIV resin
showed areas that went beyond the elastic regime at a mere
20N load. At least for the dimensions of the test samples tested
and under greater magnitude loads, it is not recommended
to work with this resin. Other models suffered buckling
when load increased, even before reaching 150N (Model 4,
at 12.8N). Meanwhile the model in rigid GIV resin, despite
being worked within the elastic regime, had its first order
fringe formed only at 280.3N load, a performance far from
the research aims.

As regards to the visual aspect, excluding the PL2
resin, all the others were translucent and colorless. PL2
resin showed a yellowish color' and a yellowish hue in
epoxy resins is inconvenient for its use as a photoelastic
material. The transmission photoelastic analysis requires
that the photoelastic material is transparent and features
good optical proprieties'.

With regards to homogeneity, the physical properties of
PL2 resin showed heterogeneity due to the bubbles presence
in its interior. It is known that the use of pressure decreases,
or even prevent incorporating those bubbles, without altering
the properties of the resin. In this test, when finalizing the
mixing time of PL2 resin, it was possible to notice a great
bubble formation, which was not possible to totally remedy,
even by using a constant pressure of 30 psi for 6 hours,
inside a Bubble Eliminator for Dentistry Apparel (VH). This
procedure was fundamental for reaching a smooth surface,
although not totally free of bubbles. In relation to other
resins, this procedure proved effective in just 20 minutes. An
influence of the photoelastic material on the observed stresses
on the stressed model could not be observed. Therefore, in
the absence of load, this material should be free of residual
stresses since those intrinsic stresses will interfere with the
results. Furthermore, they make the material fragile and/
or favor spontaneous fractures. Taking into account the
presence of residual stresses, and excluding the Models 3,
4, 6 and 9, all the other models presented residual stresses,
which is not the ideal. Finally, the lack of control on what
is produced in face of the manual mixing among different
resins can testify against the homogeneous final model. So,
this procedure is contraindicated by this work.

6. Conclusion

According to the results obtained and the evidences
presented, among the four tested resins brands, the Resin
Araldite was the material that showed to be the most suitable
for constructing the models with teeth and/or implants
under masticatory load for a two-dimensional photoelastic
test. Furthermore, it is necessary that a choice be made
based on evidences, taking into account the kind of test to
be performed, when choosing the material for photoelastic
model analysis in dentistry studies.
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