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1. Introduction

Many procedures in dentistry require the use of waxes [17]. The inescapable
applications of waxes in dentistry stem from waxes’ special combination of
properties: plastic, low-melting, combustible, non-toxic, weak solids that can be
readily shaped and molded. Waxes are used for some of the highest precision
work in dentistry, as well as cruder tasks [20, 21, and 28]. They are used as
patterns for inlays, crowns, pontics and partial and full dentures. Waxes are
very useful for bite registration and can also be used to obtain impressions of
edentulous areas. In the processing of restorative dentistry, waxes are very
important for dentists and technicians. Precision mouldings to the shape desired

are very important [28].

But waxes are complex mixtures [86]. They are organic polymers consisting of
hydrocarbons and their derivatives (e.g. esters and alcohols). Dental waxes are
blends of several ingredients, including natural waxes, synthetics waxes, natural
resins, oil, fats, gums, and coloring agents. In the ‘solid’ state, waxes appear to
consist of a variety of crystalline phases, some possibly solid solutions, as well
as amorphous material [72]. All of the ingredients that go into the final wax
blend or product play a role in determining the resulting properties. It is clear as
a bell that waxes exhibit very complex characteristics, especially the mechanical
properties. Waxes have a melting range rather than a single, sharp melting
temperature. Waxes have very high -coefficients of thermal expansion,
particularly around the melting range. The flow of waxes depends not only on
the various forces, but also strongly on the temperature. Due to the residual
stress, there will be a significant warpage happened to waxes. This is also
called the "memory effect” [75]. These properties will be useful in the
recommendation or selection of a wax. Meanwhile, the complex properties of

waxes make it difficulty to finish the very precise dentures [79].

As a viscoelastic material, rheological behaviour of waxes clearly must depend
on the mechanical properties of the various phases, their proportions, and

especially the operating temperature, which is in relation to their melting points



[61]. Supposedly, this allows properties to be manipulated to tailor the product
to suit the task [71, 31]. The working environment provides other demands.
Whether temperate or tropical, air conditioned or not, extra-oral mechanical

modulus will be ‘room temperature’-sensitive.

Therefore, the successful use of waxes must be with a full understanding of
waxes’ characteristics [28], especially the viscoelastic properties. The rheology
of waxes is important in one sense or another for their applications, such as film
formers, lubricants and modelling materials, the latter especially so in dentistry.
Rheological measurements are valuable tools for us to understand the

physicochemical nature of waxes.

Although the rheological properties of waxes are of considerable interest in
dentistry, the only adopted method of characterizing them in this respect is
arbitrary and uninterpretable [73]. Temperature analysis in any of its modern
instrumental forms would appear to be a useful approach for beginning the
characterization of waxes [109]. But there are very rare literatures, which
concern the rheological characteristics of dental waxes, especially the
temperature sensitivity. This investigation is concerned with the influences of

temperature on the rheological characteristics of dental waxes.



2. Background

2.1 Dental waxes

2.1.1 History

Waxes, as one of the most versatile natural substances ever used by man,
have already been used in people’s life widely for a long time. The oldest wax
used by peoples is the beeswax [18]. Over 60 million years ago, the insects wax
production was already accepted by peoples as a diet source. At approximate
3000 B.C. in Egypt, people already used beeswax in the Egyptian Theben at
the mummification process and for protective covering [76]. In Greek and
Roman literatures, wax was also described in many applications: for sealing
ships, binder matrix, protection coating at art objects, tablets, etc [76]. With the
beginning of the classical chemistry in the 19th century, waxes were
investigated more completely. Industry products were then developed gradually.
The further development of the chemistry of the 20th century yielded a variety of
new findings and products in the wax field. First synthetic liquid paraffins were
produced according to the Fischer-Trop’s procedure in 1935 [76]. Wax models
used in connection with prosthetic work were first mentioned by Matthaeus
Gottfried Purmann about 1700. It is supposed that the wax was carved to the
desired shape, after which it was reproduced in bone or ivory by a craftsman
[17].

At present, the versatile applications of waxes in dentistry are inescapable,
whether metallic or polymeric, because of their special combination of
properties: cheap, weak solids to be readily shaped and molded, plastic, low-
melting point, easily carved, combustible, entirely organic composition (for
burnout) and non-toxic [28]. For dentists and technicians, wax is a critical
component in the creation of many restorations and procedures. There are still
not many restorative procedures that can be carried out without the aid of

waxes [18, 20]. The specific use of dental wax determines the physical



properties that are most desirable for a successful application. Traditionally, the
physical properties, such as melting, thermal expansion, ductility etc, can be
investigated using the normal methods. But waxes are viscoelastic and their
rheological characteristics are extremely sensitive to the changes of
temperature. Rheology measurements are valuable tools for us to understand

the physicochemical nature of the waxes.

2.1.2 Main composition of dental waxes

Wax is a very complex mixture of many different types of compounds. It can be
simply defined as a substance that is solid at ambient temperature and when
subjected to moderate temperatures, becomes a low viscosity liquid [18]. The
relationship between wax composition and their behaviour has not yet been

completely explored.

Waxes are organic polymers consisting of hydrocarbons and their derivatives
(e.g. esters and alcohols). The average molecular weight of a wax blend is
about 400 to 4,000, which is low compared with structural acrylic polymers.
Waxes used in dentistry may be composed of several ingredients, including
natural waxes, synthetics waxes, natural and synthetics resins, and other
additions such as oil, fats, gums, fatty acids, and coloring agents of various
types [75, 77]. The chemical components of both natural and synthetic waxes
impart characteristics to the wax, which are of primary interest since the specific
physical properties of a wax or wax blend determine its usefulness for intended
application. So, by the blending of appropriate natural and synthetic waxes and
resins and other additives, we can achieve the particular characteristics needed

for the job at hand of each dental wax.

Natural waxes are of mineral (petroleum oil), plant, insect, or animal origin. The
two principal groups of organic compounds contained in waxes are
hydrocarbons and esters, though some waxes contain free alcohols and acids
as well [75, 77]. Most mineral waxes have as their chief constituents



hydrocarbons ranging from 17 to over 44 carbon atoms, as shown in the

following formula:

CH3—(CH2)—CH3;
1510 42

Plant and animal waxes contain considerable concentrations of esters, and
carnauba (a plant wax) contains 85% alkyl esters of various kinds. The principal
ester in beeswax is myricyl palmitate,

O
S

CisH31 — C — O — CzoHe1
which is the reaction product of myricyl alcohol and palmitic acid. The plant and

animal waxes also contain acid, alcohols, hydrocarbons, and resins [17].

It is apparent even from this brief description of the composition of natural
waxes that they are complex combinations of organic compounds of reasonably
high molecular weights. Therefore the dental manufactures must blend the
particular batches of wax to obtain the properties desired for a particular

application.

Paraffin Waxes, used in inlay and modeling waxes, are composed mainly of a
complex mixture of chiefly straight saturated hydrocarbon chains possessing 26
to 30 carbon atoms of the methane series, together with a minor amount of
amorphous or microcrystalline phases [75, 77]. It is relatively soft with a low
melting range (50T to 70C), and the melting temperatures generally increase
with increasing molecular weights. Paraffine waxes used in dentistry are refining
waxes and have less than 0.5% oil, which can lower the melting temperature
[17]. The paraffin waxes crystallize in the form of plate, needles, or malcrystals
but generally are of plate type. Many hydrocarbon waxes undergo crystalline
changes on cooling, and a transition from needles to plates occurs about 5T to
8T below their melting temperature. During solidif ication and cooling, there is a
volumetric contraction that varies from 11% to 15%. This contraction is not



uniform throughout the temperature range from melting temperature to room
temperature, since the wax is a mixture of hydrocarbons and the wax passes
through transition points accompanied by changes in physical properties [17].
Unfortunately, the paraffin wax is likely to flake when it is trimmed, and it does
not present a smooth, glossy surface, which is desirable requisite for an inlay
wax. Consequently, other waxes and natural resins are added as modifying
agents [75].

Beeswax is a primary insect wax used in dentistry, obtained from honeycombs.
It is a complex mixture of esters consisting mainly of myricyl palmitate plus
saturated and unsaturated hydrocarbons and high molecular weight organic
acids. It has an intermediate melting range (60C to 70<C) [75]. It is a brittle
material at room temperature but becomes plastic at body temperature. It is
used to modify the properties of paraffin waxes because of its desirable flow
properties at oral temperature, and in dentistry it is the main component in
sticky wax. Kotsiomiti and McCabe[58] studied the mixture of paraffin and
beeswax. The flow of paraffin was significantly reduced by the addition of
beeswax. The significant reduction of the flow of paraffin did occur when 20-
30% beeswax was added, but not by as much as 50%, reported by Mc Crorie
[70].

Carnauba waxes come from a fine powder on the leaves of certain tropical
palms. They are composed of straight-chain esters, alcohols, acids, and
hydrocarbons. They are characterized by quite high hardness, toughness,
brittleness, and high melting points from 65T to 9 0T [75]. They possess the
outstanding quality of increasing the melting range and hardness of paraffin
waxes. That is to say they can be added to tough parafin wax and to decrease
the flow at mouth temperature. For example, the addition of 10% of carnauba
wax to paraffin wax with a melting range of 20T wi Il increase the melting range
to 46C [17].



Microcrystalline waxes are produced from a combination of heavy lube
distillates and residual oils in the petroleum industry or from crude oil tank
bottoms. Microcrystalline waxes are mixtures of solid, purified, mainly branched-
chain, saturated microcrystalline hydrocarbons, monocyclic and polycyclic
compunds as well as normal alkanes. They have higher molecular weights, with
the average molecule containing 41 to 50 carbon atoms. They differ from
paraffin waxes in that they have poorly defined, extremely smaller crystalline
structure, darker color, and generally higher viscosity and melting range (65C
to 90C)[75]. They are sometimes referred to as am orphous wax. As their
name suggests, the microcrystalline waxes crystallize in small plates and are
tougher and more flexible than the paraffin waxes [17]. Microcrystalline waxes
tend to vary much more widely than paraffin waxes with regard to physical
characteristics. They can range from being soft and tacky to being hard and
brittle, depending on the compositional balance. They are low in odor and have
a sticky feel. The microcrystalline waxes have an affinity for oils, and the
hardness and tackiness may be altered by the addition of oils. It is of particular
interest that microcrystalline waxes have less volumetric change during
solidification than paraffin waxes have [17]. They are added to modify the
softening and melting ranges of the wax and to make it behave in a harder and
more brittle or softer and more pliable manner. They also serve to reduce

stresses that occur on cooling [79].

The use of synthetic waxes and resins, though on the increase, is still limited in
dental formulations, and the natural waxes continue to be the primary
components [20, 87]. Synthetic waxes are complex organic compounds of
varied chemical compositions [17]. They have specific melting points and are
blended with natural waxes. Although differing chemically from natural waxes,
synthetic waxes possess certain physical properties, such as melting
temperature or hardness. Natural waxes vary more depending on their sources
and need to be monitored more for properties than synthetic waxes, which are
more uniform in composition. Synthetic waxes may differ from natural waxes in

certain characteristics because of the high degree of refinement they possess,



in contrast to the contamination that is frequently present in waxes from natural
sources. Low-molecular-weight polyethylene is an example of a synthetic wax
[75].

2.1.3 Classification of dental waxes

According to use and application, wax products applied in dentistry can be
broadly classified into the following categories: pattern waxes, processing

waxes, and impression waxes [17].

Pattern waxes include inlay, resin, casting wax and baseplate waxes. They are
used to form the general predetermined size and contour of an artificial dental
restoration, which is to be constructed of a more durable material. All pattern
waxes have two major qualities, thermal change in dimension and tendency to
warp or distort on standing, which create serious problems in their use whether
an inlay, a crown, or a complete denture is being constructed. Inlay waxes are
used to make inlays, crowns, and pontics replicas for the lost wax casting
technique [2]. They consist essentially of natural and synthetic waxes, resins
and hydrocarbons of the paraffin series. Typell inlay waxes are hard and used
for the direct inlay technique. Typel! inlay waxes are soft and are used for
preparing replicas on dies and models. Sometimes, inlay waxes can also be
used for the attachment of miscellaneous parts. Pattern resins are
characterized by higher strength and resistance to flow than waxes, good
dimensional stability, and burnout with out residue. Casting waxes are used for
thin section of certain removable and fixed partial denture patterns. They are
particularly convenient in the preparation of copyings or clasps requiring
uniformly thin regions. Base plate wax is used to establish the vertical
dimension, the plane of occlusion, and the construction of full denture patterns
in the technique for complete denture restoration. The ANSI/ADA has
established a specification that includes three type of base plate wax [1]: Type!]
is a soft and is for veneers and contours. Type [] is a medium hardness,
designed for temperature weather for patterns to be tried in the mouth. Type [

is the hardest base plate wax and is for patterns to be tried in the mouth in hot



weather. The hardness is based on the amount of flow the wax shows at 45C.
Base plate wax is also used as a mould for the construction of provisional fixed

partial dentures, and has some applications in orthodontics [75].

Processing waxes are used primarily as auxiliary aids in the construction of
restorations and appliances, both clinically and in the laboratory. They include
boxing wax, beading wax, sticky wax, carding, blockout wax, white, and utility
waxes. They perform numerous tasks that simplify many dental procedures in
such operations as denture construction or soldering. Boxing waxes are used to
form a wax box around an impression for pouring casts. It is also used to
fabricate replacement pontics for provisional fixed partial dentures. Carding wax
Is used for attaching parts and in some soldering techniques. Blockout wax is
used to fill voids and undercuts for removable partial denture fabrication. White
wax is used for making patterns to simulate a veneer facing. Utility wax has
miscellaneous applications for various laboratory procedures [75, 79]. Sticky
wax is a mixture intended to be quite rigid and brittle at room temperature. Such
a material is sticky when melted and are applied in the molten state and set
rapidly to form a strong bond between the wax parts being assembled [23, 24,
28, 74, and 79]. It is used to join materials temporarily to facilitate the holding in
position of objects while other processes are applied. It is even be used as a
repair agent for broken plaster models or impressions. For this to be effective
the melting point is necessarily rather higher than most other dental waxes at
65T or so.

Impression waxes are soft waxes used exhibiting high flow and distort on
withdrawal from undercuts. They are limited to be used in the nonundercut
edentulous regions of the mouth, and are generally used in combination with
other impression materials such as polysulfide rubber, zinc oxide-eugenol, or
dental impression compound. Corrective waxes are used to record detail and
displace selected regions of soft tissue of a dental arch in edentulous
impressions [32, 58]. They appear to be formulated from hydrocarbon waxes

such as paraffin and ceresin with synthetic waxes. These kinds waxes exhibit
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100% flow at 37C as measured by penetration and are subject to distortion
during removal from the mouth [82]. Bite waxes are used in certain prosthetic

techniques; a typical use of bite waxes is bite registration.

2.1.4 Physical properties of dental waxes

Waxes may consist of both crystalline and amorphous components, each with a
distribution of molecular weights. They will have different physical and
mechanical properties and play a role in determining the resulting properties of
waxes [28, 75]. Although one or few compounds may dominate, they never
approach purity [28]. Therefore, the characteristic properties of waxes are very

complicated.

2.1.4.1 General physical properties

With complicated components, waxes have a melting range rather than a
single, sharp melting temperature. Generally the mixture has a wider melting
range than either component wax [23]. It is of primary importance in designing
a commercial wax product because this, and particularly the lower limit, controls
the applicability of a given wax formulation in a particular function [28]. But it is
impossible to obtain precise values for the top and bottom of the melting range
merely by studying ordinary cooling curves, because of the strong chemical
similarities of components. There are several methods for the determination of
the melting point of waxes. The two commonly used are Ring and Ball Softening
Point and Ubelhode Drop Melt Point. These two methods yield different results,
with the Ring and Ball method generally yielding slightly lower value [74]. The
softening point indicates the temperature at which the wax changes from a solid
to a semi-liquid. It is very important for allowing greater latitude in operation,
avoiding complete melting for slight overheating and permitting moulding to the
exact shape without it becoming too rigid too soon it cools [28]. Waxes
composed mainly of hydrocarbons soften at low temperatures and over large
temperature ranges [21]. The rate of temperature change during solidification

and the presence of discontinuities in the cooling curves below solidification
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indicate the extent of crystallinity present in a wax. The more crystalline the
wax, the greater is the internal stress in a wax specimen when manipulated
below these temperatures. For beeswax, the rate of temperature change during
solidification is much greater than that of paraffin during solidification [21]. The
use of microcrystalline waxes which have minute crystals and less orientation is

preferred, and these should produce a more stable wax.

Like other materials, waxes expand when subjected to a rise in temperature and
contract as the temperature is decreased. In general, dental waxes and their
components have the largest coefficient of thermal expansion of any material
used in restorative dentistry, particularly around the melting range [84]. Waxes
are partly elastic in behaviour and tend to return to their original shape after
deformation. Resultant dimensional changes may produce poor-fittings if not
balanced by compensating factors of mould expansion [28]. Reiber, Th and
Hupfauf, S. [85] tested three bite registration waxes (Kerr No.8-wax, Beauty
Pink Hardwax and Aluwax) for their thermic dimensional behaviour under
several heating and cooling conditions. The recommendations for clinical
application are as follows: They should not be heated more than necessary for
achieving a sufficiently plastic quality for use. It should be stored in ice water to
be resistant enough to deformation during the model mounting.

The ductility of a wax sample increases as the temperature is increased. The
ductility of a blended wax is greatly influenced by the distribution of the melting
temperature of the component waxes. In general, waxes with lower melting
temperatures have a greater ductility at any temperature than those with higher

melting temperatures have [28].
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2.1.4.2 The mechanical properties

The mechanical properties of waxes play a vital part in the dental procedures.
Patterns must be sufficiently tough to resist breakage during assembly and
must not distort if dimensional tolerances are to be maintained. Compared to
other materials, dental waxes have lower mechanical properties, and these
properties are strongly dependent on temperature. The strength properties of
natural waxes at room temperature were in the decreasing order of carnauba,
paraffin, and beeswax. Increases in temperature result in decreases in

mechanical properties of dental waxes [25].

melting point

(glass) lransilion
_ temperature

\

A
Y
\

\

Figure 1 Transition temperature and melting point of waxes [84]
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The time-temperature cooling curve for a typical dental wax is not indicative of a
fully crystalline material. The curve in Figure 1 features two inflections; the
upper inflection indicates the melting point and the lower inflection the transition
temperature. At temperature above the melting point, the crystallites have
melted and the wax is fully fluid. At temperature below the transition
temperature the wax is rigid and cannot easily be moulded. At temperatures
between the melting point and the transition temperature, the wax is partly fluid
and partly solid, i.e. it is VISCOELASTIC [84]. Attempting to shape the wax at

temperature below the melting point will not result in full and permanent
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deformation. Thus, to maximise flow and minimise any possible subsequent
stressrelief, all moulding of wax should, ideally, be carried out above the melting
point, but at least above the transition temperature. However adapting wax at
too high a temperature may result in excessive thermal contraction and

dimensional inaccuracy.

Wax has a tendency to flow [32]. Flow of waxes is clearly important, not only as
part of the deliberate moulding process but also an undesirable aspect after the
pattern or impression has been made. Flow results from the slippage of wax
molecules over each other. It is a measure of a wax’s ability to deform under
light forces and is analogous to creep. Generally, the rheological principles

remain valid in wax systems [28].

A direct relationship was found between the flow of the wax and the casting
shrinkage that could affect the precision fit of the final restoration [53]. The
plastic deformation or percentage of flow increases with increasing temperature
and under stresses (force) [32]. The most important factor which determines
the extent of flow for a given wax is temperature. At a temperature close to its
melting range, a wax may flow under its own weight. In liquids, flow is measured
by viscosity. In solids, flow is measured by the degree of plastic deformation

over a fixed period of time [75].

Usually, maximum flow is required while the adaptation is being carried out,
while minimum flow is desirable when the process is complete. The magnitude
of flow will influence the degree of setting expansion of dental waxes [52]. The
amount of flow required from a wax depends on its use [22, 88]. Typelldirect
inlay technique waxes need to flow well to reproduce details of the cavity
preperation[2, 4]. However, when the wax is cooled to the oral temperature, flow

must be minimized to reduce distortion when the pattern is removed.

Ito et al [53] investigated the relationship between flow charcteristics, bending
strength, and softening temperature of paraffin and dental inlay waxes to
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casting shrinkage. They found that the casting shrinkage decreased as the flow
of the wax pattern increased. It is important to select the type of wax with the
most desirable properties for the margin and the occlusal portions. They also
concluded that, to accurately fabricate castings, it is necessary to understand

the physical properties of the chosen waxes.

Residual stress exsists in the completed pattern, regardless of the method used
to prepare a wax pattern. For viscoelastical waxes, some slow deformation
must occur, even in the absence of external stress or elevated temperature.
The warpage is due to the residual stresses which result from the heating of
wax specimens formed under compression or tension. It will result in
dimensional inaccuracy and is undesirable. The longer the wax pattern is left
before being invested, the greater the distortion that must be result [16, 28]. The
effects are minimized by storing the shaped wax for the minimum possible

period (eg. the wax pattern for an inlay) and at reduced temperature.

2.1.5 Rheological researches on dental waxes

Waxes are used for some of the highest precision work in dentistry, as well as
cruder tasks, yet they have the worst thermal expansion coefficients of all in
dentistry [12, 16, 19, 24, 79]. Where such dimensional changes are constrained,
flow must ensue. Worse, expansion depends on the previous stress history [19].
This is attributable to the problem one of rheology. So, the rheological
properties of waxes are of considerable interest in dentistry, especially their

visicoelastic properties in dependence on temperatures.

But there has been relatively few fundamental studies about dental waxes in
recent years. The rheological behaviour of dental waxes is not well documented
in the literatures. The research is more likely to be about practical applications
of wax patterns, especially for fixed and removable prosthodontic uses [32].
That wax rheology has received very little attention is presumably due to the
difficulties associated with their handling, the measured viscosity of a number of
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waxes having been shown to be highly sensitive to the stress history of the
specimen [102]. The properties of waxes are such that conventional measuring

method is essentially impossible [72].

Tradditionally, the mechanical behavior of dental waxes is temperature
sensitive, depending on composition and number of phases [62]. Supposedly,
this allows properties to be manipulated to adapt the product to the task [31,
71]. The working environment provides other demands, especially the
temperature condition. The rheological behaviors of waxes will seriously
influence the accuracy of the finished products. But there exists no rigorous
specification, and few attempts has been made to characterize dental waxes
rheologically. Despite the “urgent” need for “standardized testing methods”
being recognized as long ago as 1941 [54], waxes are mentioned in only two of
the International Organization for Standardization’s (ISO) many standards,
neither in a rheological context. No other standardization work has been
concerned in other fields. American Dental Association (ADA) Specification No.
4 [2], adopted by the ISO [ 49 ], refers to Dental Inlay Casting Waxes. It has
been revised a number of times [8, 89] since its introduction [91]. Dental
baseplate/modeling waxes are covered by ADA Specification No. 24[1],
adopted by ISO[51]. Rather old American Federal Specifications outline similar

flow requirements for casting, boxing, utility and sticky waxes [19].

In the past, only the basic rheological property of waxes, flow, was determined
using different methods. Flow limits are defined in terms of the percentage
change in length of a cylindrical specimen. According to ADA [1,2] , flow is
measured by the arbitrary compressive loading of a cylindrical specimen of
arbitrary size for an arbitrary period (10 min) at various temperatures, after
which, flow is expressed as percentage of the initial length. Because of the
fixed method and the arbitrary measuring conditions, we can only get a “critical
flow property” of waxes [22]. In the period of loading, the geometry of
specimens changes continuously, and consquently, the stress decreases
continuously, and the strain rate cannot achieve equilibrium. As a result of the
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percentage change in length is a meaningless value. The curves of flow are of
continuously variable shape[21, 22]. And the measurements can be carried out
only in a very narrow temperature range in practice. Discrimination becomes
very poor or imposible at relatively high and low temperatures. Its use in a
quantitative sense is invalid when the final shape of the specimens varies. So,
the only adopted method of characterizing waxes in this respect is arbitrary and

uninterpretable. We can also say that such a test is unsound [73].

Another proposed method is the Needle Penetration Test [49, 50]. A ‘needle’/ or
a ‘probe’ of specified dimensions and mass was to be held vertically against the
surface of the wax specimen and released. After ‘(5+0.1)s’ the needle was to be
stoped, the vertical travel defining the penetrative ‘flow’. Unfortunately, this
method is similary flawed by arbitrariness. In addition, the level of accuracy that
could be attained is questionable. It can provied only a guideline indication of
rheological properties. A specification based on a scientifically sound method is
long overdue, despite the recognition of importance of flow in wax applications
[22]. This method can also be recognized as a measurement used to determine
the hardness of a wax. A softer wax will tend to bend or deform more readily,
whereas a harder wax will be stronger and less chance for pattern deformation.

Harder waxes are more dimensionally consistent than softer waxes.

In 1989, Darvell B.W.and Wong N.B.[27] showed a method to obtain the
fundamental material property of viscosity by a modification of the Stokes’ Law.
The basic principle is that at equilibrium an object falling under gravity has a
terminal velocity determined by the viscous drag on the body. With the help of
a “push” to the ball, it was possible to get detailed data on wax viscosity as a
function of temperature and load. They concluded that the shear thinning
exponent, the reciprocal of the pseudoplasticity parameter, provides a similarly
convenient measure of the stress-sensitivity of the wax. The problem is that the
load is extra and variable and difficult to be controlled exactly. To avoid it, a
non-contact means of monitoring the position of the load column was adopted
by McMillan L.C. and Darvell B.W. in 2000 [73]. They concluded that the
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viscosity of non-Newtonian time Independent waxes is dependent on
temperature and shear rate. The viscoelastical properties of dental waxes are
shear-thinning(aka. Pseudoplastic) [73]. This method can only measure the
“apparent” viscosity and consistent specimen annealing, which is only an
approximation to the waxes’ property of viscosity. Meanwhile, the mechanical
control to the load and recording of velocity also make deviation to the results. It
can also not be able to wholly investigate the complex rheological viscoelasitc
properties of waxes.

The other methods used to determine the viscosity of a wax include: U-Tube,
Brookfield, vibrating sphere, and stress/strain Rheometer. The U-Tube uses a
kinematic technique to calculate the viscosity of the material, whereas the
Brookfield, vibrating sphere, and Rheometer use a dynamic technique. The U-
Tube is used for unfilled waxes and measures the flow of a specific amount of
liquid wax over a certain interval. But it can only be applied to measure
viscosities at particular temperatures per the manufacturer of the wax. The
Brookfield viscometer is used for filled waxes and measures the viscous drag of
the spindel. The vibrating sphere viscometer utilizes an oscillating sphere that
maintains a certain amplitude, which is correlated to viscosity. It can be used for
unfilled and filled waxes [74].

The three-point bend measurement was also used to determine the mechanical
properties of casting wax [36]. Using small wax bars, this measurement can
display a stress-strain curve and calculate several mechanical parameters, such
as maximum load, load at break, strain at break, work done, modulus of
elasticity and three-point modulus. Although these results allow us to explain a
wax’'s mechanical characteristics simply, they still can not elucidate its
properties completely. Theoretically, the results of the applied load to a sample
include three parts: compression; tension and shear. So, the test gives us
information about the performance of the material under those particular
conditions of loading, but not very much about any other circumstances. The
deformation behaviour of the tested sample certainly reflects contributions from
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all three aspects of the loading. In the three-point bend beam case it is likely to
be due to the tension on the lower, convex surface [28]. This method cannot be
used to calculate tensile strength since the sample is under compression
and tension simultaneously [36]. Furthermore, the preparation of the wax bar
is also complicated and arbitrary. It is sometimes difficulty to manufacture
reproducible samples, especially with more viscous blends. Because of the
limitation of the specimen’s type, it is impossible to characterize waxes at
higher temperature or near the melting range. Certainly, it also can not measure
the variation of properties of waxes in a continuous cooling or heating condition

directly.

Waxes exhibit peculiar rheological properties demanding novel techniques of
study as conventional methods fail. With the development of rheometer, the
investigation of mechanical properties of materials can be exactly performed
under different shear or stress conditions. It is ideally suited to examine
liquid/liquid, and liquid/solid transformations. Both in solid and in liquid,
rheological measurement can be performed in a very wide temperature range.
We can still study the temperature influence on the mechanical properties of
samples with temperature sweep tests in a cooling or heating profile. Because
of the very strongly temperature dependency of dental waxes, it is very helpful
to analyze the rheological characteristics of waxes. The shear mode is applied
to the sample, rather than tension, compression, bending or torsion. The
investigation can be successfully performed with a small wax sample. With the
control of computer and appropriate software, the experimental parameters
(e.g. details of time, temperature, frequency, shear or stress profile,
displacement amplitude, etc.) can automatically be calculated and presetted,
depending on the nature of the particular requirement. With the anlysis of
mechanical parameters, such as dynamic viscosity ('), dynamic rigidity (G),
loss modulus (G™), the rheological properties of materials can be expressed

completely.
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Rheology measurements provide simple and effective means to compare the
structural properties of waxes. They can be used in process control in the wax
industry. Rheology has a wide range of applications to solve industrial problems
especially in the controlling of the effects of temperature, ingredients, and
processing parameters on formulations. In short, rheological testing has the
capabilities of providing a wholly understanding of the characteristics of waxes.
It is probably the most versatile and useful tool available for materials

evaluation.
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2.2 Rheology

2.2.1 Introduction

Rheology is the study of the deformation and flow of matter [38]. This definition
was accepted when the American Society of Rheology was founded in 1929 [6].
Rheology describes the interrelation between force, deformation and time. The
term comes from Greek “rheos” meaning to flow. From a broad perspective,
rheology includes almost every aspect and behaviour that deals with the
deformation of materials as a result of an applied stress. In other words, it is the
study of the internal response of materials to external forces [66].

Rheology can be applied to all materials, from gases to solids, regardless of
their kind, their physical state, or the form in which they are used [7, 106].
Fundamental to rheology are the concepts of material elasticity and viscosity.
Materials will respond to an applied force by exhibiting either elastic or viscous
behaviour or a combination of both mechanisms. Solids store mechanical
energy and are elastic, whereas fluids dissipate energy and are viscous. The
combined behaviour is termed viscoelasticity. Common to liquids, solids and
substances in between the former two are that if a stress is applied to them,
they will strain. If solids are elastic, they deform and return to their original
shape. Since fluids are not elastic and, hence, viscous, their deformation is
irreversible [6, 93].

Depending on the relations between deformation, stress and time scale, all
materials, from gases to solids, can be divided into the following three
categories of rheological behaviour [6, 38, 41, 43, 66, 93]:

* Viscous materials: in a purely viscous material all energy added is
dissipated into heat (like water)
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» Elastic materials: in a purely elastic material all energy added is stored in
the material (like a steel spring)

* Viscoelastic materials: a viscoelastic material exhibits viscous as well as
elastic behaviour. Typical examples of viscoelastic materials are bread
dough, gluten, polymer melts and artificial or natural gels.

The rheological properties of ideally elastic and viscous materials can be
described by a single value. The deformability of an elastic material can be
defined by Hooke’s constant (a modulus of elasticity). An ideally viscous
material has a constant viscosity regardless of shear rate; the material shows
so-called Newtonian behaviour and can be defined by a constant viscosity [67,
93]. Many materials, no less in dentistry, show more complicated behavior than
that of purely viscous and elastic materials. The word ‘viscoelastic’ means the
simultaneous existence of viscous and elastic properties in a material. It is not
unreasonable to assume that all real materials are viscoelastic, i.e. in all
materials, both viscous and elastic properties coexist. Viscoelastic properties
are derived from testing of materials without destroying the structure (i.e., the
structure is flexed and material is measured in its "ground state"). The viscosity
often decreases as the shear rate is increased, which means deformation and
stress depend on the time scale (shear rate). As a consequence, the system
has to be defined by an apparent viscosity at each shear rate [46]. These
materials are called shear-thinning materials. Viscoelastic materials are even
more complicated in their behaviour and show a combination of viscous and
elastic behaviour. The measurements are done through rheological flow and
dynamic mechanical tests. The former investigates the flow viscosity, whereas
the latter evaluates small periodic deformations that determine breakdown or
rearrangement of structure or hysteresis [6, 41, 66]. There is a continuous
interest in experimental measurement of the rheological properties of

viscoelastic materials.
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2.2.2 Theory of rheological measurements

2.2.2.1 Introduction

Rheology is used to describe the properties of a wide variety of materials [13,
66]. Dental materials, such as dental waxes and impression materials et. al, can
also be elucidated rheologically to insure the practical applications. Rheological
measurements are normally performed in kinematic instruments in order to get
quantitative results useful for design and development of products and process
equipment. Dynamic measurements require an instrument that can generate
sinusoidal strain as an input to the fluid under test and record the stress
resulting from the fluid deformed as an output. An instrument only capable of
measuring shearing viscosities is called a viscometer and the oscillating type is

called a rheometer [93].

Rheometer is used in the industry at various levels of sophistication to provide
information for different purposes, as quality control, product development,
process engineering and consumer studies. The measurements obtain
correlations between molecular structure and material properties, and between
material properties and behaviour in practical situations. They may also be used
to predict material behaviour in complex flow situations [7, 67, 93]. This requires
sophisticated mathematical treatments using data obtained from simple
rheological experiments. Without rheology, nothing in materials and process

engineering can function today.

A rheometric measurement normally consists of a strain (deformation) or a
stress analysis at a constant frequency (normally 1Hz) combined with a
temperature or frequency analysis. The strain and stress sweep tests give
information of the elastic modulus G’, the viscous modulus G™* and the phase
angle o. A large value of G” in comparison of G™” indicates pronounced elastic
(gel) properties of the product being analysed. For such a product the phase

angle is also small, e.g. 20°. The temperature sweep gives information of the
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mechanical properties in dependence on temperature. The frequency sweep
gives information about the gel strength where a large slope of the G” curve
indicates low strength and a small slope indicates high strength [6, 93, 101].
For design of products, e.g. in the medical, food, cosmetic or paint industry,
rheometric measurements are often performed to establish the elastic
properties, such as gel strength and yield value, both important parameters
affecting e.g. particle carrying ability and spread ability. Rheological findings are
of fundamental importance for the development, manufacture and processing of
innumerable products. Presently, with the help of modern digital rheometer, we
can easily carry out the rheological measurements to analyse the rheological

characteristics of matters.

2.2.2.2 Viscoelasticitic properties
2.2.2.2.1 Introduction

Viscoelastic materials have simultaneously elastic and viscous properties. The
term ‘viscoelasticity’ (VE) is used to describe behaviour which falls between the
classical extremes of elastic response by the Hookean solids and the
Newtonian liquids. Hooke’s and Newton's laws are linear laws, which assume
direct proportionality between the stress and the strain, or the rate of strain,
whatever the stress [6]. The viscous portion behaves according to Newton'’s
law, and the elastic portion behaves according to Hook's law. It is not
unreasonable to assume that all real materials are viscoelastic [38, 78]. Some
energy may always be stored during the deformation of a material, and there is
always some unrecoverable deformation during long-term stress [95]. Which
property dominates, and what the values of the parameters are, depends on the
stress and the duration of stress application [6, 7].

Depending on their rheological behavior, viscoelastic liquids differ from
viscoelastic solids. Viscoelastic materials always display a delayed response
when load is applied and removed. For many years, many scientists have been
expended in the determination of the linear viscoelastic response of materials.

There are many reasons for this [10, 101]. First, there is the possibility of
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elucidating the molecular structure of materials from their linear viscoelastic
response. Secondly, the material parameters and functions measured in the
relevant experiments sometimes prove to be useful in the quality-control of
industrial products. Thirdly, a background in linear viscoelasticity is helpful
before proceeding to the much more difficult subject of non-linear

viscoelasticity.

2.2.2.2.2 Mechanical modelling of linear viscoelas tic properties

When the mechanical properties of the material are experimentally determined,
the linear viscoelastic behavior can be analyzed by using a proper mechanical
model. These mechanical models consist of springs and dashpots arranged in
parallel and/or in series. In these mechanical models, the Newtonian flow is
represented by a dashpot, an element in which the force is proportional to the
rate of extension (Figure 2(a)), and the Hookean deformation is represented by
a spring, an element in which the force is proportional to the extension (Figure
2(b)). A spring with recovering properties stores energy; a dashpot with non-

recovering properties dissipates energy [68].

Q
@) (b)

Figure 2 Mechanical representation of a viscoelastic materials using a dashpot
(a) and a spring (b) [68]
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The generalized Maxwell model is frequently used to describe the linear
viscoelastic response of the liquid. It can be represented as a parallel series of
Maxwell elements (Figure 3), consisting of linear springs and dashpots. Both
components can be deflected independently of each other [9, 91, 93, 94].

Figure 3 The Maxwell model: The dashpot and spring are in series as a

Mechanical model of viscoelastic material [93]

In Maxwell model, the shear stresses in both the elements are always identical
and the deformations are additive [93]. Before the load, both components are
undeformed. When a load is applied, this model reaction firstly shows the
elastic response of the spring. Later, the fluid shows a viscous response in a
dashpot, i.e. the deformation is unlimited as long as the load is applied. After
the removal of the load, the drop in strain is related to the release of load in the
spring, while the remaining permanent strain is equivalent to the amount of
viscous flow in the dashpot. After a load cycle, the sample remains partly
deformed. The material behaves essentially as a liquid and is referred to as a

viscoelastic or Maxwell liquid [66, 67, 93].

The behavior of a viscoelastic solid can be illustrated using the combination of a
spring and a dashpot in parallel connection, the Kelvin/Voigt model (Figure 4).

Both components are connected through a rigid frame [9, 91, 93, 94].
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Figure 4 The Kelvin/Voigt model. The dashpot and spring are combined in
Parallel as a mechanical model of viscoelastic material [93]

A spring and a dashpot in parallel represent a material whose response to an
applied load is not instantaneous but is related to a viscous resistance [7, 93,
94]. Before the load phase, both components are undeformed. After a sudden
load, the both components can only be deformed together, which was
simultaneously and to the same extent. The deformation increases as long as
the constant load is applied [93]. The spring will eventually reach the strain, but
the dashpot will retard the growth of the strain [6]. A removal of the load allows
the material to fully recover. But the recovery of the strain is retarded, because
of the presence of dashpot. After a load cycle, the sample shows delayed but
complete reformation which fully compensates for the previous deformation.
The material behaves essentially as a solid and is referred to as a viscoelastic
solid [7, 93, 94].

The mechanical models, maxwell and Kelvin/Voigt, representing viscoelastic
behavior in two different ways, may be combined into generalized model to
incorporate all possibilities of flow and deformation of Non—Newtonian materials
[68]. The rheological behavior of many viscoelastic materials is often too
complex to be successfully depicted by using a single mechanical model. One
or several Kelvin/Voigt units may be combined with Maxwell elements. The
more complicated the structure of the material, the more elements are needed
to formulate a mechanical model. By connecting enough single elements of
Maxwell and Kelvin/Voigt, even very complicated viscoelastic structures can be
represented [6, 7, 66, 67, 68, 93].
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2.2.2.2.3 Mathematical modeling of linear viscoelas tic properties

The quantitative interpretation of the rheological data, obtained with
experimental tests, requires description of the rheological response by using
mathematical model, providing different parameters with various physical
meanings [35, 37]. The development of the mathematical theory of linear
viscoelasticity is based on a “superposition principle”. This implies that the
response (e.g. strain) at any time is directly proportional to the value of the
initiating signal (e.g. stress) [6]. The rheological models, based on the
phenomenological approach, have been developed to achieve maximum
agreement between the predicted and experimental rheological properties of
matters, by taking into account only the principles of continuum mechanics,
regardless of structural characteristics[59, 60]. In the linear theory of
viscoelasticity, the differential equations are linear, the ratio of stress to strain is

a function of time alone [55].

The rheological behavior of materials can be determined under steady-shear
and oscillatory shear [66]. In steady-shear experiments, the viscosity of the
sample is measured as a function of shear stress or shear rate. However,
steady-shear measurements are not very sensitive to the microstructure present
in the system. Dynamic rheology, performed under oscillatory shear, is the
preferred technique for detecting microstructural features [35, 66]. A number of
small-deformation experiments are used to measure the linear viscoelastic
response of the material [6, 66]. When the low-amplitude oscillatory shear
technique is used, the sample is subjected to a sinusoidal shear strain, y, and
the resulting oscillatory shear stress,7, is measured. As a response of the
material to the oscillating strain input, the shear stress will also oscillate
sinusoidally at the same oscillation frequency, w, but in general it will be shifted

by the phase angle, J, (Figure 5),
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Figure 5 An oscillation strain and the stress response for a viscoelastic material.
The shear stress 1 (t) resulting from successive jumps in the strain y(t). J is the

phase angle defining the lag of the stress behind the strain [87]

which is the measured phase lag between the applied stimulus and the
response, with respect to the strain wave as described with the following

mathematical expressions [66] :

y=y° sinwt

r=r°sin(wt+ 9J)

where y° is the shear strain amplitude, and 7 ° is the shear stress amplitude.

Within the region of linear viscoelasticity, the resulting stress is also sinusoidal
and can be decomposed into an in-phase and an out-of-phase component [35].
At phase angle 0° the in-phase response, shows that the sample is ideal elastic
material, and at phase angle 90° the out-of-phase response, shows that the
sample is ideal viscous material [67]. With viscoelastic materials the phase
angle, o, between the applied stress/strain and the resulting strain/stress is
between 0° and 90° The phase angle is a good indic ator of the overall

viscoelastic nature of the material [38].
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When the amplitude ratio and the phase angle are measured, the parameters
representing viscoelastic behaviour can be calculated. Two dynamic moduli, the
storage modulus, G, and the loss modulus, G, are introduced:
r=y°G sinwt+ y° G coswt
The stress component in-phase with the deformation defines the elastic (or
storage) modulus G” and is related to the elastic energy stored in the system on
deformation.
G = (rly) cosd

The greater the G”, the more elastic are the characteristics of the material.

The component out-of-phase with the strain gives the viscous (or loss) modulus
G™", which is linked to the viscous dissipation of energy in the system.
G =(r/ y)sind

The greater the G, the more viscous are the characteristics of the material.

The storage modulus represents the spring-like deformation in mechanical

models, while the loss modulus represents the dashpot-like deformation [6].

The storage modulus, G’, and the loss modulus, G, are the real and the

imaginary component of the complex modulus, G* , respectively:

_O:G’+I-.G”=\/G’2+G”2

;

G* =

and the ratio between the dynamic moduli can be written as follows:

G”IG =tand
which is proportional to the ratio of energy dissipated/energy stored. This is
called the loss factor or damping factor, tand. It is also an indicator of the ratio
of viscous to elastic behavior of materials, showing which one is the dominant

one. With a tano value of 1, the elastic and viscous properties of the material
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are equal. A lower loss factor implies a more elastic gel structure. Loss factor,
tano, is often the most sensitive indicator of various molecular motions within
the material [3, 38, 65].

2.2.3 Oscillatory tests

2.2.3.1 Principles

Oscillatory tests can be used to examine all kinds of viscoelastical materials
[94]. The basical principles of oscillatory tests can be explained using a “Two-
Plate-Model” (Figure 6). The oscillations of the upper plate are produced by a
turning wheel on which a push rod is connected eccentrically. The other end of

the rod is attached to the upper plate.

Figure 7 Shear force zF, deflection £s and deflection angle ¢ of the sample

in the shear gap h during an oscillatory test [93]
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When the driving wheel turns, the upper plate with the (shear) area A is moved
back and forth by the shear force F (Figure 7), causing to oscillate sinusoidally
at a set frequency w (rad s™) and angular amplitude. The lower plate is
immovable. So, the shearing of the sample between the two plates was caused.
The following two conditions are necessary. Firstly, the sample must be adhere
to both plates and not slid or slip along them. Secondly, the sample must be
deformed homogeneously throughout the whole shear gap (which corresponds

to the distance h between the two plates).

The shear stress which occursis =7 Pa] =+F/ A and the deformation is + y=

+tan @.

For idealelastic materials, Hook’s low is applied:

r(t)=G* y()
In oscillatory tests, the complex shear modulus, G* represents the rigidity of the
sample, i.e. the resistance to deformation. For samples showing idealelasticity,

there is no phase shift between the two curves, = 0.

For idealviscous materials, Newton'’s low is applied:

r(t) = 1)
In oscillatory tests, the complex viscosity, /7* represents the flow resistance of
the sample. For samples showing idealviscous, there is a delay between the

two curves, 0= 90°

For viscoelastic materials, the oscillatory tests can be performed both in control
strain and control stress conditions.
a) For tests with control shear strain as the sine function:
y(t) = ya.sinwt, with the shear strain amplitude)ja [ % |
b) For tests with control shear stress as the sine function:

T(t) = 7a Sinwt, with the shear stress amplitudeza [Pa]
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The corresponding measuring results are as follows:

a) With control strain: 7 curve as the phase shifted sine function
r(t) = 1a .Sin(wt+9)
b) with control stress: y curve as the phase shifted sine function

y([t) = ja sin(wt+9)

The sine curve of the measured response is shifted by the angle é compared to
the presetted sine curve. For viscoelastical materials, this angle is between 0°
and 9090° <d< 909.
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2.2.3.2 Amplitude sweep

An amplitude sweep is an oscillatory test with variable amplitude and constant
frequency value. It is mostly carried out for the sole purpose of determining the
limit of the LVE-range of viscoelastic materials. The amplitude sweep test can
be performed with controlled shear strain (deformation, a variable strain
amplitude,)a) (CSD) or with controlled shear stress (a variable shear stress
amplitude, 7a) (CSS). For the data analysis, it does not matter whether the strain

is prescribed and the stress is responding, or vice versa.

The sample is often tested at an angular frequency of w= 10 1/s. The diagram
of the measuring results is plotted between IgG", 1gG”™" (y-axis) and Igy (or Ig7)

(x-axis). Sometimes tand is also displayed on the y-axis (Figure 8).

Ve lg v
Figure 8 Schematic drawings of amplitude sweep test: G’'(y) and G™’(y) with

the critical value y of the LVE strain range [93]

In the linear viscoelastic (LVE) range at low amplitudes, each of the functions
G'(y and G’()) shows a constant plateau value. The following relations
concerning the structure of the materials can be found in the LVE-range. They

are very helpful for the quality control.



34

a. Gel character, G'>G™": The elastic behavior dominates over the
viscous behavior. The structure shows a certain rigidity. The
sample is form stability.

b. Liquid character, G"">G": In this case, the viscous behavior
dominates over the elastic behavior. The sample shows the

character of a liquid in the LVE-range.

The deformation behavior outside the LVE-range is referred to as non-linear.
The mechanical modulus, G" and G will decline, but at different velocity. At the
stress of crossing over point, the loss modulus, G’, is equal in value to the
storage modulus, G™*, and the loss tangent is 1 [35, 39]. An increasing in stress
of crossing over point is a sign of more lasting elastic properties. The crossing
over point gave the same results as the storage modulus; the greater the
elasticity of waxes, the more lasting was the elasicity under increasing stress [6,
35].

2.2.3.3 Temperature ramp oscillation test

In this type of oscillatory test, both the frequency and the amplitude are kept
constant. This means that the constant dynamic mechanical conditions are
given. Temperature is often set as a temperature/time profileT(t). Usually we
use the profile of linear heating (or cooling) rate in the form of ramps upwards

(or downwards).

Like amplitude sweep test, there are also two types presettings of this test:
controlled shear strain and controlled shear stress. The measuring result can
also be showed as a diagram, in which the temperature T is displayed on the x-
axis on a linear scale, whilst on the y-axis IgG” and IgG”" are usually both plotted
on the same logarithmic scale. Sometimes, tand (T) can also be presented in
the diagram. Figure 9 shows the schematic curves of G'(T), G™(T) and tand (T)

in a cooling process.
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Figure 9 Schematic diagram of temperature ramp oscillation test IgG'(T),
lgG™"(T) and tand(T) during cooling process

Oscillatory tests allow measurements without destroying the sample even when
it has changed to the solid state. The IgG’(T) and IgG™’(T) or tandT) can reveal
the informations on the structural character. The temperature at which G” and

G curves intersect is called the sol/gel transition temperature or gel
temperature for short. At this temperature, G" = G™" or tand=1.
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2.3 Aims of the rheological research of dental waxe s

This investigation is concerned with the influences of temperature on the

rheological characteristics of dental waxes. The aims of this inquiry are:

i) To apply the novel rheological investigation to analyse the properties of
dental waxes;

i) To provide rheological data of dental waxes on the effect of temperature;

iii) To provide suggestions for further researches.



37

3 Materials and Methods

3.1 Materials

Seven different dental waxes were selected to study the rheological
characteristics, namely No0.011-2, No0.011-3, No0.015, No0.016, No0.016-1,
No.017, and No0.018. All these waxes were provided by Dentaurum GmbH
(Ispringen, Germany). Except for No. 018, the control wax, all others were new

experimental waxes. They are shown in Table 1.



Table 1 The Experimental Waxes

Waxes SP/DP/P * No0.011-2 No.011-3 No.015 No.016 No0.016-1 No.017 No0.018
Middle
Microcrystalline 84/88/1-2 50 50 50 41.67 40 38.46
waxes(hard)(%)
Middle hydrocarbons 109 5 5 5 8.33 8 7.69
resins(%)
Middle hydrocarbons 100-110 5 5 5 8.33 8 7.69
resin(%)
Hard natural stable 100-110 40 40 40 33.33 32 33.33
fatty acid(%)
Hydrocarbon wax — 7,99/54. 76 10 _ 20 8.33 12 15.38
with microcrystalline
structure(%)
Sum(%) 110 100 120 100 100 100

1) * SP - Solidification point inC; DP - Drip pointin C; P - Penetration 1/ 10mm.
2) There are 0,03% pigment in all prescriptions.

3) No. 018 was designed as control.
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3.2 Preparation of wax samples

All samples were firstly cutted into small pieces and loaded into the lower
measuring plate in order to be heated to the experimental temperature. An
insulation cover was used in the period of heating to keep the stability of wax
temperature (Figure 10(a)). The measured waxes were kept at the experimental
temperature about 10 minutes to avoid air bubble incorporation since the
presence of air bubbles in the sample can interfere with the test results. Then
the upper measuring plate of the geometry was lowered to the measuring
position (measuring gap 0.35mm). The excessive sample was slightly trimmed
off, because these waxes will also influence the measuring results. To get the
temperature equivalence for the upper plate, an equilibration time of 10 minutes
was presetted through the option of “With waiting time” before starting each
test. Another insulation cap with a hole in the center was applied to minimize

temperature loss during the measurement (Figure 10(b)).

Figure 10 Application of insulation covers in the heating(a) and measuring

procedures(b)



40

3.3 Rheometer

Rheological measurements were carried out by a Paar Physica UDS200
Rheometer, manufactured by PHYSICA Messtechnik GmbH, Stuttgart,
Germany (see Figure 11). The machine apparatus is with an air bearing and an
electronically commutated (EC) synchronous with DSP technology for digitally
controlled CSS and very rapid CSR / CSD tests [63]. It was designed to be used
in research and development as well as quality control. The instrument was
updated and linked to a PC. The computer runs the newest Paar Physica
US200 Software, version 2.43, which is built around a universal concept in
regard to flexibility and instrument compatibility, a package that gives full control
of the instrument and allows the capture, manipulation and storage of
rheological data [98]. The needed rheological analysis methods are also
included in the software. Problems were solved to actually put the machine to

run properly.

L
9 p ey
Wﬂnm‘a I

thg A Premyies
wrg

L1 SRR
o

‘



41

All the rheological measurements were carried out using parallel plate geometry
MP30 with a gap height of 0,35mm (Figure 12). The diameter of the measuring
plate is 25mm. This kind geometry consists of two plates. The surfaces of both
the plates are flat. The measuring sample is sandwiched between two disk-

shaped coaxial, perfectly circular plates of which one rotates.

R

B | TN 7

Figure 12 Schematic diagram of Parallel Plate Measuring System [104]

Traditionally, the whole lower immobile plate of the parallel plate measuring
system is also flat [29, 30, 47, 48]. But it is not convenient to control the
measuring samples in the period of measurement. To make a better controlling
of wax samples, an improved stainless steel plate was applied as the lower part
of MP30, which is fastened by three screws to the original motionless plate. In
the centre of the new plate, a small round pan was milled. The radius and depth
of the pan is 13mm and 1mm, respectively, which are corresponding to the

geometry of the upper plate (Figure 13).
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Figure 13 Improved Parallel Plate measuring geometry MP30: the upper plate

and corresponding new lower plate

For precise control of the sample’s temperature, a peltier system TEK130P and
a circulating fluid bath (Julabo thermostat) were used as the environmental
control system (Figure 11). The sample temperature is monitored and displayed
by a PRT (Platinum Resistive Thermometer) thermocouple with an accuracy of
+ 0.01C [64, 104].

The apparatus calibration was necessary before tests started. Following the
steps shown in the manual, this phase was easily completed. For instruments
with oscillation mode, most important is to check the moment of inertia of the
drive before starting to use the instrument. To do this switch on the instrument
and wait about 20 min for it to warm up. Remove any measuring system and
move the instrument head to measurement position. Select ‘Drive’ under
‘Determine Inertia of Meas. System or Drive’ from ‘Configuration’ in the device
setup dialog. Using the standard values for the inertia determination, the drive

inertia value can be automatically measured and stored [96, 97, 98, 99].

The operating procedures was listed in Appendix 7.2. The following measuring

skills must be drawn attention:
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The amplitude sweep tests of all samples were performed firstly. The
temperature ramp oscillation tests were carried out in LVE-range for
each wax.

For each test, the samples were firstly heated to 100C (amplitude
sweep) and 120T (temperature ramp oscillation tests). It is benefit for
the upper measuring shaft to achieve the exact measuring position. Then
the measuring temperature was sent to the rheometer to control the
peltier and thermostat system. Before the starting of the measurement,
make sure that the samples between the two plates are enough and
there are no air bubbles.

Active the “Automatic Gap Control’(AGC) option in the temperature ramp
oscillation tests to be sure the constant gap during the measurement.
Each sample was left at rest for 10 minutes before the test was carried
out in order to ensure the equilibrium structure and the same starting

conditions for all waxes examined [83].
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3.4 Rheological experiments

Dynamic strain and stress sweep tests, temperature ramp oscillation tests were
conducted to determine the viscoelastic properties of dental waxes (see Table
2). All the tests were done at least in triplicate for each wax and all

measurements were made from separate samples.

Table 2: Series of rheological measurements of dental waxes

Amplitude sweep Amplitude sweep Temperature rampe
Dental waxes (CSD) (CSS) oscillation test
50 - 90T with 10 interval 120C - 20C
No.011-2 X X -
No.011-3 X X X
No. 015 X X X
No. 016 X X X
No.016-1 X X X
No. 017 X X X
No. 018 X X X
Note:

* CSD: control shear strain; CSS: control shear stress
** Because of the supplying of wax sample, wax No. 011-2 was not included in the

temperature rampe oscillation test

The aims of the rheological measurements are as follows:

(1) Amplitude Sweep Tests(CSD): mainly to determine the linear viscoelastic
region of dental waxes;

(2) Amplitude Sweep Tests(CSS): to determine a dynamic profile of dental
waxes;

(3) Temperature Ramp Oscillation Tests: to investigate the characteristics of

dental waxes in dependence on temperature.
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3.4.1 Amplitude Sweep Tests (CSD)

Amplitude sweep tests(CSD) were performed to ascertain the viscoelastic
behaviour, a mutual measurement range, valid for all analyzed dental waxes.
The test measures the strain amplitude dependence of the storage and loss
moduli (G' and G") by applying a range of sinusoidal deformations (strains) at a

fixed angular frequency. For most viscoelastic materials, the response of the
system is linear until a critical strain, )¢, at which point both G'()) and G"()) show

a sudden decrease. This measurement can be used to determine the critical

yield strain of the sample, which is the strain at which the sample begins to flow.

Amplitude strain sweep tests were conducted from 0.01% to 10 % strain at a
constant angular frequency of 10S™ and in the temperature range from 50T to
90 with an interval of 10C. The dynamic storage and loss modulus (G', G")

and loss factor tand were plotted against shear strain (%), y.

3.4.2 Amplitude Sweep Tests (CSS)

Based on an EC-motor, electronically commutated (EC) synchronous motor, the
real controlled stress test can be done simultaneously with CSD using the same
rheometer in the temperature range of 50C-90C at an interval of 10C. The
parameters G', G" and tand were determined at a constant angular frequency

of 10 S™* and plotted against shear stress, 7, at different temperatures.

3.4.3 Temperature Ramp Oscillation Tests

Temperature ramp oscillation tests were carried out to analyse the temperature
influence on the rheological behaviour of dental waxes. It was designed to have
a better understanding of its viscoelastic property as well as its sol-gel transition

process.
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With a linear profile of stepwise ramp of temperature range from 120 to 20<C,
the temperature oscillation tests were then performed at a constant angular
frequency («) of 10S™ during cooling to analyse the temperature behaviour of
phase and structure transformations. The deformation was presetted as a
constant value of 0.01%, which was in the linear visicoelastical range for all of
the specimens. This could avoid any possible sample disruption during the
gelation and make sure that all the parameters were measured from linear
viscoelastic spectra. With 100 measuring points (1 minute acquisition time),
temperature was decreased stepwise in 1C/min inc rements. The temperature
was controlled by Peltier system (TEK130P) and thermostat unit(Julabo F10).
The viscoelastic parameters, mechanical modulus (G', G") and tand, were

determined and plotted against temperature to monitor the gelation kinetics.

3.5 Statistical Analysis

With the installed analyse methods in the software, all the needed parameters,
such as storage modulus, G', loss modulus, G", loss factor, tand, gel
temperature, etc. can be calculated. Results are given as meanszstandard
deviations(SD) for n=3. Statistical analysis was made using the statistical
software Microcal™ Origin® Version 6.0 for windows. T-test was performed to
identify significant differences between new experimental waxes and control

wax No0.018 at the 95% confidence level.
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4. Results and Discussions

The results of rheological experiments of dental waxes were split into the
following sections. Firstly, the amplitude sweep tests would be performed to
analyze the shear dependence properties of dental waxes at different
temperatures. The strain sweep tests (CSD) were conducted to analyse the
linear viscoelastic characteristics of the samples. Meanwhile, the understanding
of the mechanical behaviors of the samples in dependence of the shear stress
was also investigated by the amplitude sweep tests (CSS). The amplitude
sweep tests were producted for each experimental wax at different
temperatures both in CSD and CSS mode. Furthermore, temperature ramp
oscillation tests were studied so that a more in depth evaluation of the
viscoelastic properties and the behavior in dependence on temperature of the
samples could be made. All data would be provided in the electronic version.
The diagrams data would be in an .ORX-Datei files which could be analysed by
the software US200 version 2.43. All the typical measured rheological curves
were displayed in appendix. T-test was performed to determine the statistical
significance of all the analyzed parameters between each new experimental

wax and control wax No.018.

4.1 Shear dependent behaviors of dental waxes

The dynamic properties of dental waxes were performed by amplitude sweep
tests, both in control shear strain, CSD, and control shear stress, CSS, mode.
When the small-amplitude oscillatory shear technique was used, the sample
was subjected to a sinusoidal shear strain, y, and the resulting oscillatory shear
stress, 7 , was measured. The material could be measured both in the
oscillating strain and stress condition at the same oscillation frequency, w.
Generally, shear stress would be shifted by the phase angle,d. The dynamic
parameters would be plotted against shear strain (CSD), and stress (CSS),

respectively.
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Appendix 7.3 and 7.4 illustrated the summarized diagrams of amplitude sweep
tests of all the experimental waxes at different measuring temperatures in CSD

and CSS mode, respectively.

* Appendix 7.3 (Figure 14 to 25): The comparisons of the typical diagrams
of amplitude sweep tests (CSD) of each wax at different temperatures

and all waxes at each temperature were shown, respectively.

* Appendix 7.4 (Figure 26 to 37): The comparisons of the typical diagrams
of amplitude sweep tests (CSS) of each wax at different temperatures

and all waxes at each temperature were displayed, respectively.

Two important features of the rheological response were apparent from these
plots. Firstly, the appearance of Newtonian plateau in the low shear conditions
was observed for all tested waxes (Appendix 7.3 and 7.4). The moduli G" and
G were both independent of shear strain/stress. Another observation of the
amplitude sweep tests was that at all tested temperatures, the storage modulus
G’ significantly exceeds the loss modulus G in the LVE-range, both in strain
and stress sweep tests, meanwhile the values of loss factor (tand) were very
smaller than one. These behaviors are typical for all the series of dental waxes
under investigation. Figure 38 showed an example of the typical amplitude
sweep tests (CSD and CSS) of waxes studied. The minimal loss tangent (tano)
values in the linear viscoelastic region of all experimental waxes at each tested
temperature showed that the elastic properties were clearly more dominant than

the viscous ones.
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Figure 38 The typical amplitude sweep tests (CSD and CSS) of dental wax
No0.016 at 60C. The storage modulus (b lue squares), G”, loss
modulus (red triangles), G™*, and loss factor (blue points), tand,
were plotted against shear strain(a) and shear stress(b),

respectively. The angular frequency was fixed at w= 10 S™.
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The dominance of G indicated that the material behaves primarily were an
elastic manner(elastic modulus higher than the viscous modulus), while the
shear independence of the moduli showed that the system behavior was
unchanged over a range of time scales. Such behavior is characteristic of a
physical gel consisting of a three-dimensional network of physical bonds [66,
69, 107]. The network responds elastically at small deformations and the
stresses generated do not relax over the time period of the experiments.

4.1.1 Linear viscoelastic range (LVE-range)

To determine the linear viscoelastic region, the analysis method, “LVE-Range”
was selected from the software to analyse the strain sweep tests for all the
waxes at each experimental temperature. The strain region was located, in
which G, and G™ are independent of y at each measuring temperature. The
parameter settings are as follows: As x-variable and y-variable, strain and
storage modulus are selected, respectively. To smooth the measurement data
prior to the LVE evaluation, the option ‘Use Curve Smoothing’ was checked,
which can avoid errors in the calculation of the end of the linear viscoelastic
range. The smoothing range was given as 5% for all calculations. With a
tolerance band of 10%, the end point of deformation was estimated as the LVE-
range, a critical deformation, J, of all experimental waxes at different

temperatures.

The results of the LVE-range analysis include the following parameters: the
critical strain level, , and the corresponding storage modulus (G’). All these
analyzed parameters are shown from Table 3 to 9 in Appendix 7.6 at different
temperatures for each tested dental wax, respectively. Comparisions of these
parameters of all dental waxes studied at different temperatures are shown in
Figure 39 and 40.
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Usually, the rheological properties of a viscoelastic material are independent of
strain up to a critical strain level, J¢, (LVE-range) [6, 14, 15]. The dynamic

modulus (G", G”) is independent on strain [34, 56]. Beyond this critical strain
level, the behavior is non-linear. Structural decomposition or an irreversible
destruction of the structure begins and the dynamic modulus decline [6, 11, 14,
81]. Therefore, measuring the strain amplitude dependence of the storage and

loss moduli will be very important in characterising viscoelastic behavior.

For all experimental waxes, the limitation of deformation is about between
0.028% and 1.23%(see Table 3 to 9 in Appendix 7.6) at all the tested

temperatures. The values of J¢ of all tested waxes are a little higher at 50 and

60T than that at the other higher temperatures(see Figure 39), which indicates
the temperature dependent behaviors of dental waxes. The wider the LVE-
range, the stable the structure of materials[11, 35]. With the increasing of
temperature, the structures of dental waxes will become weaker. From the
diagrams of strain sweep tests, we can also find that mechanical modulus, G’,
G, are a little more stable at 50C and 60T than th at at higher temperatures
(see Figure 14 to 20 in Appendix 7.3). Changing the temperature from 50C to

90T of oscillation induced a decreasing tendency of )¢ for all dental waxes

studied. It is more notable for all the new dental waxes than that for the control
wax No0.018. With wider linear viscoelastic range at higher temperature, the
control wax N0.018 is more stable than the new experimental waxes. But the
corresponding storage modulus, G’, of wax No0.18 in LVE-range decreased
much quickly than that of all the new experimental waxes (see Figure 40), which
indicated the more decreasing elastic behavior of the control wax.

LVE-range is a good indicator of a wax’s brittleness or flexibility. A low value
indicates a brittle material while a high value indicates a very flexible one [35,
38, 40]. A strain sweep will establish the extent of the material linearity [6, 11,
14, 81]. These small linear viscoelastic regions are signs of the ability of wax
structures to resist external strain to a smaller extent and can not be able to

withstand great deformation before rupture [14, 15, 41, 80]. Waxes are very



53

fragile. These underscore the importance of a sufficiently low strain to ensure a
linear response for waxes. Anyway, in the LVE-range, all the waxes showed a

behaviour associated with elastic gels.

Being in the linear viscoelastic region in all tested systems, 0.01% was chosen

to be applied in the following temperature ramp oscillation tests.

4.1.2 Dynamic modulus of dental waxes at each temp  erature

The comparisons of diagrams of amplitude sweep among all waxes studied at
different temperatures can be found in Appendix 7.3 from Figure 21 to 25 and
Appendix 7.4 from Figure 33 to 37. It is very clear that the magnitudes of
dynamic modulus of all the new experimental waxes keeped in almost the same
range at each tested temperature. This indicated that the modulus were
insensitive to the type or the slightly different compositions of the new
experimental waxes. But only at lower temperature of 50C and 60T, the

control wax of N0.018 has almost the same range of G" and G value (between
10° Pa and 10’ Pa) with the other new dental waxes (see Appendix 7.3 Figure
21, 22 and Appendix 7.4 Figure 33, 34).

The most significant difference of shear dependent behaviour can be found
between the new experimental waxes and the control wax No0.018 at higher
temperatures. From 70T, the dynamic modulus G” and G™ of control wax
No0.018 decreased very quickly to be about 100Pa at 90C, whereas all the new
experimental waxes displayed relative higher values of both G” and G™* than
No0.018, which are about 10 decades larger than that of control wax No0.18 at
70%C, 80C and 90T (see Appendix 7.3 Figure 23 to 25 and Appendix 7.4
Figure 35 to 37). This indicated the less structure of wax No.018. The analysed
results of storage modulus in LVE-range proved also very well to the variations
of dynamic properties of dental waxes studied (see Figure 40). The magnitude
of G” is an indication of the density of network bonds in the system [7,35, 45]. A

higher value of G” indicates a denser network and thereby a more rigid gel



54

structure. Thus, all the new experimental waxes showed a significant more rigid

gel structure than the control wax No.018 at higher temperature.

4.1.3 Shear dependent dynamic modulus of dental wax es at different

temperatures

Changes in temperatures show a very clear change of dynamic modulus in
shear response of each wax studied. With the increasing of temperature, both
of storage modulus(G”) and loss modulus(G™) had a decreasing tendency for all
experimental waxes. The magnitude of dynamic modulus (G", G™) of all tested
waxes were shifted one decade lower when the temperature increased each
10T (see Appendix 7.3 Figure 14 to 20 and Appendix 7.4 Figure 26 to 32),
which indicated that the shear dependent behaviour of the examined waxes is
also temperature dependency. Kotsiomiti E, et al [57] investigated the flow and
strength properties of dental waxes following excessive and repeated heatings.
They concluded that higher temperatures or repeated heating would affect the
composition and properties, resulting in inferior materials. This indicates that it
will keep the stable properties of waxes to reduce the reheating and sculpturing
times to waxes in dental clinical and technical applications. Certainly, this is also
benefit for us to get the more precise dentures. As an example, Figure 41
showed us the decreasing tendency of storage modulus (G") in dependence on
temperature of wax No0.016 in CSD (a) and CSS mode (b).

An increase in temperature will cause a decrease in elasticity and an increase
in viscosity [35, 43]. The analyzed results of LVE-range in Figure 40 also proved
the decreasing tendency of dynamic modulus in linear viscoelastic range of
dental waxes. Furthermore, when temperatures were higher than 70C, the
control wax N0.018 showed a more quickly fallings of storage modulus(G”) than
the others (see Figure 40). The new dental waxes have more elastic properties

at higher temperatures than the control wax No. 018.
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Figure 41 Shear dependent storage modulus (G”) of dental wax No0.016 at
different temperatures in 3D: (a) CSD mode; (b) CSS mode. The

same comparisons of all other dental waxes studied can be found

in Appendix 7.3 and 7.4
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4.1.4 Gel-to-Sol transition

As the shear strain amplitude increases, the dynamic response becomes non-
linear and the decrease of the moduli occurs [34, 35, 43]. At lower tested
temperatures of 50C and 60<C, a different behavio r was observed for the loss
modulus, G, of the dental waxes, above the critical strain amplitude which
determines the transition from the linear to the nonlinear regime. As shown in
Figure 38, a slight increase of the loss modulus, G, was observed, followed by
a continuous decrease which was less pronounced than the decrease of the
storage modulus, G”. Such behavior is often found for weak gel structures [59,
108]. The same tendency of dynamic modulus in dependence on the shear
stress can also be found in the amplitude sweep(CSS) graphics (see Appendix
7.3 and 7.4).

From amplitude sweep tests (CSS), the relationship of mechanical moduli G,
G” and tano with shear stress, 7, were measured. The comparisons of typical
diagrams of amplitude sweep tests (CSS) of dental waxes at different
temperatures were shown in appendix 6.4. The deformation behavior outside
the LVE-range was referred to as non-linear. The machanical modulus, G” and
G, would decline, but at different velocity [34, 35, 38, 41, 43, 61]. The
decrease of G~ was much faster than that of G”. Then the value of G”
became larger than G” (tand >1). At the stress of crossing over point, the loss
modulus, G”°, was equal in value to the storage modulus, G’, and the loss
tangent was 1 [39, 41, 43]. This indicated that there was a gel-to-sol transition
of waxes, after which the waxes behaved as a sol [6, 15]. It would therefore be
reasonable to assume that some kind of network structure development was
taking place [44, 67]. Attention to wax No0.011-3 at 50C, at no time did G’
meet or cross over G~ in the measuring range (see Figure 27 and 33 in
Appendix 7.4), indicating no networking and a stronger wax structure at this
temperature[33, 35].
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The intersept point was calculated for each experimental wax at every tested
temperature. Here, the two parameters, stress (tau value) and storage modulus
(G") were analyzed. The results were shown from Table 10 to 16 in Appendix
7.7, respectively. The statistic analysis of tau (stress) value and storage
modulus, G’, of all tested waxes at different temperatures were illustrated in
Figure 42 and 43.
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Figure 42 The variation of tau values at crossover point by amplitude sweep
tests(CSS) of all waxes studied at different temperatures (*p<0.05)
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Figure 43 The variation of storage modulus G” values at crossover point by
amplitude sweep tests (CSS) of all dental waxes studied at
different temperatures (*p<0.05)

With the increasing of temperature, each wax tends to decrease both of tau
value and storage modulus at the crossing over point. The decrease of the tau
value(stress) at the crossing over point is a sign of pronounced viscous
properties [65, 73, 83, 93]. The elastic properties of the tested waxes were
strongly decreased with the increasing of temperature. Waxes were very
temperature sensitive materials [52, 57, 75, 76, 86]. It was in agreement with
the variation of storage modulus, G, which represents the elastic behavior of a
sample [7, 93]. Compare the new experimental waxes to the control wax No0.18,
at each tested temperature, all the new experimental waxes had both the
greater values of stress and storage modulus at the intersept point. Great
crossing over point tau values are signs of the ability of structures to resist
external stresses to a greater extent [56, 69]. This indicated that the new
experimental waxes had more lasting of elastic behaviors under increasing
stress than wax No0.018 at each tested temperature, especially at higher
temperatures, which agreed very well with the analyzed results of LVE-range.
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Compare with control wax No.018, the dynamic modulus, G*, G”, in dependent
on shear stress of all the new dental waxes were more stable from 60T (see
Appendix 7.4 from Figure 34 to 37). At lower stress value, the dynamic
modulus, G*, G, were already declined for wax No.018. For example, At 60T,
all the new dental waxes showed the independent dynamic modulus to a stress
value about 1000Pa. But for wax No0.018, this stress value was only about to
250Pa (Appendix 7.4, Figure 34). And with the increasing of temperature, this
stress value became more smaller for control wax No.018. This illustrated the
stronger structures of new dental waxes studied and the different melting
ranges between the new dental waxes and control wax No0.018. The new
experimental waxes could withstand larger shear stresses and keep their
internal-structures. They are more flexible in clinical and technical application

than the control wax No.018.
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4.2 Effect of temperature on mechanical properties

The temperature dependence of dynamic moduli G", G' and tand of dental
waxes were measured through the temperature ramp oscillation tests in linear
viscoelastic range. The typical diagrams of temperature ramp oscillation tests
conducted at 0.01% strain rate, angular frequency 10 S™* of all dental waxes
studied were shown from Figure 44 to 49 in Appendix 7.5, and summarized into
the following graphics (Figure 50 and 52), which illustrated magnitude of
dynamic moduli G", G' and tand of dental waxes studied as a function of

temperature, respectively.

120 € 110 100 90 80 70 60 50 40 30 20
-——  TemperatureT

Figure 50 Storage modulus (G') as a function of temperature for all dental
waxes studied from temperature ramp oscillation tests in a cooling process.
Tests were presetted as follows: constant angular frequency: 10S™, constang
strain: 0.01% in LVE-range, temperature range: 120-20C, cooling rate:
1C/min. No.011-3(blue filled); No.015(blue empty); No.016(red filled); No.016-1
(red empty); No.017(black filled); No.018(black empty).
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Figure 51 Loss modulus (G" ) as a function of temperature for all dental waxes
studied from temperature ramp oscillation tests in a cooling process. Tests
were presetted as follows: constant angular frequency: 10S™, constang strain:
0.01% in LVE-range, temperature range: 120-20C, cooling rate: 1C/min.
No0.011-3(blue filled); No.015(blue empty); No.016(red filled); No.016-1(red
empty); No.017(black filled); No.018(black empty).
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Figure 52 Dynamic loss factor ( tand ) as a function of temperature for all
dental waxes studied from temperature ramp oscillation tests in a cooling
process. Tests were presetted as follows: constant angular frequency:10S™,

constang strain: 0.01% in LVE-range, temperature range: 120-20C, cooling
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rate: 1C/min. No.011-3(blue filled); No.015(blue e mpty); No.016(red filled);
N0.016-1(red empty); No.017(black filled); No.018(black empty).

4.2.1 Temperature dependence of the dynamic modulus

Referring to the typical diagrams of temperature sweep tests of dental waxes in
Appendix 6.5, at first glance, all the tested dental waxes had almost the same
outline image in temperature ramp oscillation tests. In the beginning of the
cooling procedure, the magnitudes of loss modulus, G", of all waxes were much
greater than that of storage modulus, G', and both were constant. The
corresponding tand had a much great value(about 10° Pa) (see Figure 50-52).
These indicated an almost ideal liquid characteristic/sol state of dental waxes

at high temperatures.

With the decreasing of temperature, both the two dynamic modulus increased.
But the relationship between them reversed. It happened to each tested wax
(see Appendix 7.5). This was due to the crystallization of dental waxes in the
cooling procedure, which will induce the the abrupt changes of mechanical
modulus of waxes [70, 71, 73, 82, 84]. After the intersection point, both the
storage modulus and loss modulus gradually increased. But the new dental
waxes had a much greater increasing speed of these parameters than the
control (see the single black arrows in Figure 51 and 52). These indicated that
gel formed immediately and completely for the new experimental waxes, no
significant induction time was observed. The melting ranges of all the new
dental waxes are smaller than the control. This could be due to the different
chain natures compared to control wax. In shorter time, the new dental waxes
could become more rigidity than the control No.018, and the distortion of waxes

would be minmized.

For wax No0.011-3, it was the first which achieved a relative higher magnitudes
of storage modulus, G', and loss modulus, G", in the cooling process(see the

double black arrows in Figure 50 and 51). This showed the smallest melting
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range of wax No0.011-3 among all the waxes studied. It was due to the absence
of hydrocarbon wax with microcrystalline structure in this wax. This component
would be crystallized in the cooling procedures. Much more crystallization could
delay the melting process of waxes [26].

With the decreasing of temperature, wax No.017 showed the relative greater
magnitudes of dynamic modulus at lower temperatures, although wax No.01-3
was the first wax which achieved a relative higher magnitude of mechanical
modulus(see Figure 50, 51). It was due to the relative more component of
hydrocarbon wax (with microcrystalline structure). The more crystalline
structure, the stronger the structure [10, 39, 44]. On cooling process, the
crystalline changes of hydrocarbon waxes will influence the mechanical
properties of waxes. More microcrystalline structure will severely enhance the

recrystallization in the cooling process for waxes [75].

It is worthy of noting that, from the converting point to about 50C, all the new
experimental dental waxes had higher values of dynamic modulus(G', G") than
the control wax N0.018. Because of the lower G' value of control wax in this
temperature range, the control wax No.018 was not too rigid compared to all the
new dental waxes. The control wax is less structure. The variations of dynamic
modulus from temperature ramp oscillation tests agreed very well with that from
amplitude sweep tests. With greater mechanical modulus, the new experimental
waxes will be more flexible for the clinicial practice. Additionally, as can be seen
in Figure 52, although the variations of tand of all the tested waxes were almost
in the similar pattern, the new experimental waxes still displayed a little higher
values of tand than the control of No. 018 in the cooling period about 100C-

68T, indicating a little more elastic characterist ics of new waxes.

Noticing another special point of the increasing of storage modulus, G', of contol
wax No0.018 at about 60T (see Figure 49 in Appendix 7.7 and the empty arrow
in Figure 50), we can conclude that in this wax there are another specific

ingredients, which melted at about 60<C.
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4.2.2 Gel point

In theory, the criterion of gel formation is the existence of one long chain
running through the whole system; i.e., its molar mass becomes infinite. In
practice, a sudden loss of flow is the most common and conventional test to
determine the sol-gel transition point since at the gelation point the viscoelastic
properties change abruptly from an initially liquid-like state to a solid-like state
[5, 26, 42, 44, 69, 90, 110]. The network structure can be formed by either a
chemical or a physical gelation process. The formation of the gel network will

influence the mechanical properties of materials [10].

To a special temperature, both G" and G' started to increase precipitously,
suggesting that these branched macromolecules or clusters had just been
connected into a three-dimensional network percolating into the entire space [3,
70, 100, 107]. Meanwhile, the increasing speeds of G' were much more quickly
than G", the relationship between G" and G', was suddenly reversed and tand
became smaller than 1. The use of tand, evaluating network characteristics,
has the advantage of incorporating the contributions of both G" and G' into a
single parameter to evaluate the final network [33, 40]. Changes in tand
reflected a transition of the viscous wax sol to the elastic wax gel, which
correlated to the changes of G" and G' observed during cooling [6, 7, 15]. The
sol-gel transition point can be determined by a sudden change of a range of
physical properties [14, 90]. This special temperature was recognized as the gel
temperature (see Figure 50-52), indicating the sol-gel transition of dental waxes,

also the loss of fluidity and the appearance of elasticity [110].

The analysed data of gel temperature of all tested waxes were illustrated in
Figure 53. The values of gel temperatures of all the new experimental waxes
were between 93,29C-94.37<T. This indicated that t he different compostions of

the new experimental waxes had minor effect on the gelation.
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Figure 53 Comparisons of gel temperatures of different waxes from temperature
ramp oscillation sweep tests at constant strain of 0.01% and angular frequency
of 10 1/s from 120-20TC, cooling rate 1T/min. Each value represents the
mean(xSD) of three replicates (*p<0.05)

A little earlier converting time of control wax N0.018 indicated a slight higher gel
temperature (mean 97,04C) than that of all other tested waxes (from 93,29C
to 94.37C) (see Figure 51, 52 and 53). At the late r stage, storage modulus, G/,
of dental waxes became gradually greater than loss modulus, G", and the loss
factor displayed a decreasing tendence. This was a stage where the three-
dimensional network further developed. These indicated the increasing
domination of gel properties of dental waxes, “gel strengthening” [38, 103, 107].
This result agreed well with the amplitude sweep tests (CSS).

When the temperature was lower than 50 degree C, all these parameters
became a little distorted, which was due to the very strong rigidity of waxes at
lower temperature. At temperature higher than 100C, the wax are already

fluidized. There would be very little elstical characteristics for waxes and
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storage modulus, G', was very difficulty to be measured correctly, especially in
shear conditions. These findings were also an evidence of the suitable
temperature range of rheological measurements for waxes, which was between
50C and 90<C. It corresponded very well to my prim ary temperature
hypotheses of the amplitude sweep tests of dental waxes. It is also consistent
with the temperature range between 55T and 100TC, reported by Niles, J.C
[74].
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5. CONCLUSIONS

The present study employed a Rheometer to characterize the viscoelastic
properties of dental waxes. Dynamic oscillatory experiments showed that the
shear strain limit for linear viscoelastic behavior of dental waxes decreased with
increasing temperature. Due to the very small LVE-range, the temperature
sensitive dental waxes can not withstand higher shear conditions. The slightly
different composition of new experimental waxes has minor influence to the
dynamic modulus. With higher stress (tau) values and storage modulus at the
intersept point except for the control, all the new experimental waxes showed
more rigid gel structure than the control wax. The new experimental waxes
could withstand larger shear stresses and keep their internal-structures. The
distortion of these waxes would be minmized. Applying the new experimental
waxes will reduce the inaccuracies in dental practices. Temperature ramp
oscillation tests showed a relative lower gel temperature and small melting
range of the new experimental dental waxes. These results indicate that we can
get more precise contours of dentures at relative lower temperature and time
shortening through the application of new experimental waxes. The
experimental waxes would be more flexible and easier to be handled than the
control to clinical and technical job in hand. The suitable temperature range of
rheological measurements for dental waxes is between 50C and 90C. Based
on this study, further work should be looked at the viscoelastic properties of
these experimental dental waxes at lower temperatures for dental clinical

applications.
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6. Summary

Objectives

The purpose of this study was to evaluate the rheological behaviour of new

experimental dental waxes in dependent on temperature.

Material and method

Seven experimental dental waxes, provided by Dentaurum GmbH, were tested.
No0.018 was chosen as a control. Rheological experiments were performed at
different temperatures using a Paar Physica Rheometer UDS200 equiped with
a parallel plate cell. The temperature was regulated with a Peltier system
(TEK130P) and a thermostat unit(Julabo). Small strain sweep tests were used
to evaluate the linear viscoelastic range (LVE-range) with an interval of 10T in
the temperature range of 50C-90C. Stress sweep an d temperature oscillation
tests were carried out to ascertain the dependence of storage modulus G', loss
modulus G" on shear stress and temperature. All the tests were done at least in
triplicate for each wax and all measurements were made from separate
samples. The data were identified by T-test to show whether there were
significant differences between new experimental waxes and control wax
N0.018 at the 95% confidence level.

Results

For all experimental waxes, the limitation of deformation is about between
0.028% and 1.23% at all the tested temperatures. The )£ values of all tested
waxes are a little higher at 50C and 60C than tha t at the other higher
temperatures, which indicates the temperature dependent behaviors of dental
waxes. The small LVE-range are signs of the ability of wax structures to resist
external strain to a smaller extent and can not withstand great deformation

before rupture. Waxes are very fragile. Anyway, in the LVE-range, all the waxes
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showed a behaviour associated with elastic gels. Being in LVE-range, 0.01%
was chosen to be applied in the following tests. Meanwhile, the analyzed results
of LVE-range also proved the decreasing tendency of dynamic modulus in LVE-
range of dental waxes. Furthermore, when temperatures were higher than
70%C, the control wax No0.018 showed a more quickly fallings of storage
modulus (G") than the others. The new dental waxes have more elastic
properties at higher temperatures than the control.

The deformation behavior outside the LVE-range was referred to as non-linear.
The mechanical modulus would decline, but at different velocity. At the stress of
crossing over point, the loss modulus, G™*, was equal to the storage modulus,
G’, and the loss tangent was 1. This indicated that there was a gel-to-sol
transition of waxes, after which the waxes behaved as a sol. Compare with
N0.018, the shear stress dependent dynamic modulus (G, G™) of all the new

dental waxes were more stable than that of the control.

The diagrams of temperature ramp oscillation tests demonstrated the variations
of mechanical modulus in the cooling procedures of all tested waxes. When the
wax was cooled to a special temperature, both the two dynamic modulus
increased. But the relationship between them reversed. But the new dental
waxes had a much greater increasing speed of these parameters than the
control, which indicated that gel formed immediately and completely for the new
experimental waxes, no significant induction time was observed. The melting
ranges of all the new dental waxes are smaller than the control. A little earlier
converting time of control wax No0.018 indicated a slight higher gel temperature
(mean 97,04) than that of all other tested waxes (from 93,29 to 94.37C).

This small range indicated that the different compositions of the new

experimental waxes had minor effect on the gelation.

Conclusions

The slightly different composition of new waxes has minor influence to the

dynamic modulus. Temperature sweep showed a relative lower gel point and
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small melting range of new dental waxes. Applying the new experimental waxes
will reduce the inaccuracies in dental practices. The experimental waxes would
be more flexible and easier to be handled than the control to clinical and
technical job in hand. The suitable temperature range of rheological
measurements for dental waxes is between 50C and 90T. Based on this
study, further work should be looked at the viscoelastic properties of these

experimental dental waxes at lower temperatures for dental clinical applications.



7. Appendix

7.1 Nomenclature

<~ S5

€ =

phase angle

shear viscosity

shear strain (deformation)
complex viscousity

angular frequency

shear rate
storage modulus
loss modulus
complex modulus
absolute temperature

loss factor

displacement
torque

time

Normal force

relaxation time
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7.2 0perating Procedures of UDS200

* Open the computer

» Turn on the compressed air dryer

e Open the Rheometer

e Open the MC200V.2,43

* Initialize the rheometer

e Zero gap setting

* Open a new workbook

e Open a new measuring window

* Choose a measurement

* Name the workbook and measuring window

* Choose the measuring system

* Choose the Peltier

* Pre-setting the parameters(notice: the exact measuring gap and
temperature in all tested intervals)

« Switch on the thermostat and enter the desired temperature as set point

* Send the temperature

» Lift position

» Deposite the specimens directly onto the lower (Peltier) plate at once
(Notice: change the specimen every time)

* Measuring Gap setting

« Cleaning the excess wax samples from the outer edge of the gap

» Cover the wax sample with a insulating cover to prevent temperature
loss while carrying the test

» Profile test

e Click the start button ( » )on the upper right side of the computer screen.
This will allow you to enter the following important setting:
1) Information Texts and Start:

Date series name; Sample; Operator; Remark of the test
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2) Temperature Setting: The option ‘Set Temperature before starting the
Test’
was chosed and the tested temperature was given

3) Waiting before Starting Test:
Choose the optionwith waiting time” and preset it as 10 minutes

4) Data Settings: Choose the “Replace data series with the same name”
in
“Naming of Data Series”

» After making sure everything is ready, click “Start the Test Now” button
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7.3 Summarized Diagrams of Amplitude Sweep Tests (  CSD)

Appendix 7.3 illustrates the summarized diagrams of amplitude sweep

tests(CSD) of all the dental waxes studied.

7.3.1 Comparisons of each wax at all tested tempera  tures

The legends are as follows:
50C (MG’AG"); 60C (OG'AG”); 70C (MG AG"); 80T (IGAG”); 90T
(MG AG”)
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Figure 14 Amplitude sweep tests (CSD) of wax No.011-2
at different temperatures
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Figure 15 Amplitude sweep tests (CSD) of wax No0.011-3
at different temperatures
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Figure 16 Amplitude sweep tests (CSD) of wax No.015

at different temperatures
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Figure 17 Amplitude sweep tests (CSD) of wax No.016

at different temperatures

[N

oo —

it

Figure 18 Amplitude sweep tests (CSD) of wax No.016-1
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7.3.2 Comparisions of all waxes at each temperatur e

The legends are as follows:
N0.011-2(MG AG”); N0.011-3(OG'AG”); N0.015(EMG’'(G”); No.016((G'(G™);
N0.016-1((G'(G”); No.017UG’AG”); No.018(mG AG")

Pa

Hhtbte sk —

5
10
0.001

Strain y =~ ——=—

Figure 21 Comparision of amplitude sweep tests (CSD)

of different waxes studied at 50C
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Figure 22 Comparision of amplitude sweep tests (CSD)

of different waxes studied at 60C
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Figure 23 Comparision of amplitude sweep tests (CSD)

of different waxes studied at 70C
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Figure 24 Comparision of amplitude sweep tests (CSD)
of different waxes studied at 80C
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Figure 25 Comparision of amplitude sweep tests (CSD)

of different waxes studied at 90C
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7.4 Summarized Diagrams of Amplitude Sweep Tests (  CSS)

Appendix 7.4 illustrates the summarized diagrams of amplitude sweep tests
(CSS) of all the dental waxes studied.

7.4.1 Comparisons of each wax at all tested tempera  tures

The legends are as follows:
50C(EG’'(G"); 60°C((G’(G™); 70°C((G'(G™); 80°C(IG'(G”); 90°C((G'(G")
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Figure 26 Amplitude sweep tests (CSS) of wax No.011-2
at different temperatures
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Figure 27 Amplitude sweep tests (CSS) of wax N0.011-3
at different temperatures
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Figure 28 Amplitude sweep tests (CSS) of wax No.015
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Figure 29 Amplitude sweep tests (CSS) of wax N0.016

at different temperatures
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Figure 30 Amplitude sweep tests (CSS) of wax No.016-1

at different temperatures
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Figure 31 Amplitude sweep tests (CSS) of wax No.017
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at different temperatures
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7.4.2 Comparisons of all wax at each tested tempera  tures

The legends are as follows:
N0.011-2(MG’(G”); N0.011-3((G'(G"); N0.015 ((G’AG"); N0.016(LIG'AG”);
N0.016-1(HG AG”); N0.017(0G’AG"); N0.018 (MG AG")

7
10

e Pa %33314333333333333333
E =
e
-
-4 ! ! T
- H H
E 6
_._10
o
——
——
=
—A—
—A—
—A—
—A—

5 : : ;

10 T T T Lt
10 100 1,000 10,000 Ppa 100,000

Shear Stress t —_—

Figure 33 Comparision of amplitude sweep tests (CSS)

of different waxes studied at 50C
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Figure 34 Comparision of amplitude sweep tests (CSS)

of different waxes studied at 60C
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Figure 35 Comparision of amplitude sweep tests (CSS)

of different waxes studied at 70C
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Figure 36 Comparision of amplitude sweep tests (CSS)

of different waxes studied at 80C
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Figure 37 Comparision of amplitude sweep tests (CSS)

of different waxes studied at 90C
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7.5 Typical Diagrams of Temperature Ramp Oscilla  tion Tests

Appendix 7.5 illustrates the typical diagrams of Temperature Ramp Oscillation
Tests of all the dental waxes studied. Tests were performed at a constant strain
of 0.01%, which lied in LVE-range of all dental waxes. The angular frequency
was presetted as a constant value of 10S™, which is the same as amplitude
sweep tests. The stepwise temperature range was from 120C to 20C. The
cooling rate is 1C/min. With a fixed measuring point duration of 1minute, 100

measuring point were acquired.
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Figure 44 Diagram of temperature ramp oscillation test of experimental wax
No.011-3



89

10 6
10 10
? Pa - G Storage Modulus
o A G" Loss Modulus
- tan($) Damping Factor
G A
—A&
1
0 4
10T 10
T10
3
T 10
| | | | | | | -4
T T T T T T T 10 ,\‘ H
120 T 110 100 90 80 70 60 50 40 30 20 P\‘P Physica
A Gorrosny cf Anton Paar
—=———  TemperatureT -

Figure 45 Diagram of temperature ramp oscillation test of experimental wax
No.015
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Figure 46 Diagram of temperature ramp oscillation test of experimental wax
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7.6 Results of amplitude sweep tests(CSD)

The following tables shoe the LVE-range ()&) and the corresponding storage

modulus, G™, of all dental waxes studied at different temperatures.

Table 3 LVE-range()¢), the corresponding storage modulus,G’, at different

temperatures of experimental wax No0.011-2 (n=3)

Temperature LVE-range Storage modulus
(T) e (%) G’ (Pa)
50 0.259+0.021 2000000+£741121
60 0.22740.081 257933+25281
70 0.059+0.001 97107412207
80 0.043+0.003 271637080
90 0.039+0.001 13997+£1887

* Each value represents the mean (xSD) of three replicates

Table4 LVE-range()t), the corresponding storage modulus,G’, at different

temperatures of experimental wax No0.011-3 (n=3)

Temperature LVE-range Storage modulus
(T) e (%) G’ (Pa)
50 1.227+0.107 5700333+3007867
60 0.072+0.014 654533+97107
70 0.059+40.013 146100+21703
80 0.044+40.008 4079319503
90 0.038+0.021 3391+117

* Each value represents the mean (xSD) of three replicates
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Table 5 LVE-range()¢), the corresponding storage modulus,G’,at different

temperatures of experimental wax N0.015 (n=3)

Temperature LVE-range Storage modulus
(C) Je (%) G’ (Pa)
50 0.301+0.081 1000000+339933
60 0.09540.011 327400+45458
70 0.040+40.010 8151345086
80 0.039+0.005 16143+3055
a0 0.032+0.007 7185771

* Each value represents the mean (xSD) of three replicates

Table 6 LVE-range()t), the corresponding storage modulus,G’,at different

temperatures of experimental wax N0.016 (n=3)

Temperature LVE-range Storage modulus
(T) e (%) G’ (Pa)
50 0.849+0.260 1573333194246
60 0.451+0.093 373600+32656
70 0.087+0.009 87677+20337
80 0.044+40.008 22467+£3207
90 0.030+0.003 15603+6324

* Each value represents the mean (xSD) of three replicates
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Table 7 LVE-range()£), the corresponding storage modulus,G’,at different

temperatures of experimental N0.016 -1 (n=3)

Temperature LVE-range Storage modulus
(T) e (%) G” (Pa)
50 0.391+0.089 1062733165961
60 0.318%0.060 316200+£62209
70 0.041+0.009 6571744092
80 0.037+0.001 1475741223
90 0.049+0.016 7807+£1719

* Each value represents the mean (xSD) of three replicates.

Table 8 LVE-range()¢), the corresponding storage modulus,G’,at different

temperatures of experimental wax No.017 (n=3)

Temperature LVE-range Storage modulus
(©) JE (%) G™ (Pa)
50 0.25620.038 103596634654
60 0.240+0.030 263233+45971
70 0.051+0.009 43103+7135
80 0.029+0.004 16250+£3430
90 0.028+0.006 24244611

* Each value represents the mean (xSD) of three replicates.
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Table 9 LVE-range()¢), the corresponding storage modulus,G’,at different

temperatures of experimental wax N0.018 (n=3)

Temperature LVE-range Storage modulus
(T) Je (%) G” (Pa)
50 0.356%0.045 1245000+123596
60 0.284+0.071 318000+47062
70 0.275+0.056 41224157
80 0.17240.073 977+172
90 0.118+0.017 198+31

* Each value represents the mean (xSD) of three replicates.
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7.7 Results of amplitude sweep tests (CSS)

Table 10 Storage modulus(G”) and tau value at crossover point of experimental

wax No.011-2 at different temperatures (n=3)

Temperature (C) tau value (Pa) Storage modulus G~ (Pa)
50 2192848874 6474331271539
60 2983+411 8404047971
70 135+31 76420412732
80 30+10 18080+3778
90 10+3 11268+1508

* Each value represents the mean (xSD) of three replicates.

Table 11 Storage modulus(G’) and tau value at crossover point of experimental

wax No0.011-3 at different temperatures (n=3)

Temperature () tau value (Pa) Storage modulus G” (Pa)
50 e e
60 1488+193 363700453421
70 115436 144233426807
80 3310 3309718148
90 10+4 1704+350

* Each value represents the mean (xSD) of three replicates.

Table 12 Storage modulus(G”) and tau value at crossover point of experimental
wax No.015 at different temperatures (n=3)

Temperature (T) tau value (Pa) Storage modulus G” (Pa)
50 1319842962 370250+82239
60 30274507 99990+7510
70 60+2 63007+10158
80 20+2 10643+2428
90 1142 3873+1079

* Each value represents the mean (xSD) of three replicates.
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Table 13 Storage modulus(G") and tau value at crossover point of experimental
wax No.016 at different temperatures (n=3)

Temperature () tau value (Pa) Storage modulus G” (Pa)
50 57014+8906 7286031530026
60 53474296 11261349006
70 160450 73946114665
80 1940 17125+2910
90 1243 856613105

* Each value represents the mean (xSD) of three replicates.

Table 14 Storage modulus(G”) and tau value at crossover point of experimental

wax No.016-1 at different temperatures (n=3)

Temperature () tau value (Pa) Storage modulus G” (Pa)
50 15667490 490267+21122
60 29114253 96687+9170
70 49+6 59847+4985
80 1343 112004991
90 11+2 4663+285

* Each value represents the mean (xSD) of three replicates.

Table 15 Storage modulus(G”) and tau value at crossover point of experimental
wax No.017 at different temperatures (n=3)

Temperature (T) tau value (Pa) Storage modulus G” (Pa)
50 10833445 396533+13952
60 2597480 9392745536
70 36+11 363056252
80 1243 1197442753
90 1140 9944218

* Each value represents the mean (xSD) of three replicates.
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Table 16 Storage modulus(G”) and tau value at crossover point of experimental
wax No0.018 at different temperatures (n=3)

Temperature () tau value (Pa) Storage modulus G” (Pa)
50 877811334 690000+58096
60 2114138 88520138327
70 30+7 1197+66
80 11+1 236136
90 3+1 7027

* Each value represents the mean (xSD) of three replicates.
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