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ABSTRACT 

A study was made of three groups of materials used in 

dentistryq i. e. denture base acrylics, "Gel-type" tissue conditioners 

and epimine resins. 

Conventional denture base acrylic made by curing a dough of 

methyl methacrylate and poly(methyl methacrylate) beads is con- 

siderably weaker than homogeneous poly(methyl methacrylate). The 

reasons for this were revealed by a comparison of their fracture 

mechanics and morphology. Phase inhomogenuity was found in denture 

base acrylic, the interstitial phase having lower Mv and Young's 

modulus than the bead phase. A viscoelastic and autoradiographic 

study of the denture base acrylic revealed that the two phases were 

interpenetrating polymer networks. 

It was found possible to improve the strength of denture base 

acrylic by the addition of methacrylic acid thus improving the 19 
v 

of the interstitial polymer. The combination of methacrylic acid 

and cross-linking agent also facilitated the control of phase stiff- 

ness. Improving the molecular weight and matching the phase stiff- 

ness produces a conventional denture base material of comparable 

strength to homogeneous poly(methyl methacrylate)o 

A study of the effects on "Gel-type" tissue conditioners of 

an oral environment revealed the reasons for their loss of compliance 

during clinical use. The alcohol desorption and water absorption 

characteristics of the gels were studied. prom such studies and a 

knowledge of their chemical composition concluBi0n8 were drawn r0garding 
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the best ccr. positions for tissue conditioner gels intended for long 

service in the mouth. 

Two epimine ccnpounds, an impression rubber and a temporary 

crown and bridge material were studied. Their physical properties 

and chemical composition were determined. 

A car. parison of known long term behaviour of analogous resins; 

canbined with the determined physical properties of the epimine 

resins studiedt revealed some of the clinical limitations of such 

systems. 
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CHAPTER I 

GENERAL INTRODUCTION. 
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1.1. The Use of Polymeric Materials in the Oral Environment. 

Polymeric materials used in the mouth can be placed in three 

categories: materials cured in the mouth and then removed 

(Impression rubbers); materials cured in the mouth which remain in 

the mouth (dental fillings); materials cured outside the mouth which 

are placed in the mouth and remain. 

The first category of materials must be able to cure in a 

humid atmosphere at 370C. The cure mechanism should be not affected 

by the inclusion of blood and saliva, and their work time should 

be long enough to allow manipulation, but not so long as to annoy 

the patient. When removed from this moist warm atmosphere into the 

cooler drier atmosphere outside the mouth there should be very little 

dimensional change as the polymer equilibrates. Impression materials 

make up the major part of this category and the properties most 

desired of them have been defined by several writersv (Braden, M. 

1967; Combe, E. C., 1972). The main desirable properties fall into 

five groups: Rheological, viscoelastic, mechanical, dimensional 

stability and time factors. 

The Rheology of the curing material is most important for 

too stiff a paste may not flow into undercutsl or may entrap air 

in cavities. Too thin a paste would run off the tray and away from 

the area to be reproduced before it had time to cure. 

Viscoelastic considerations arise when the impression is to be 

withdrawn. If the rubber cannot fully recover frcm the deformation 

during removal of the impression, the impression will be permanently 

deformed and hence inaccurate. 
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Dimensional stability is very important in impression taking. 

Several factors affect the dimensional stability, polymerisation, 

shrinkage, water absorption in the mouth or water desorption 

outside the mouth (alginates). The polymer may have a volatile 

component which evaporates on storage of the impression (Hydro- 

peroxide cured rubbers). 

The mechanical properties of the cured impression are important 

when the impression is withdrawn fran the mouth. An impression 

with too high a Young's modulus would prove hard to pull from 

around under cuts, a compound with a low tear energy splits. Too 

low a Young's or shear modulus on withdrawal is not desirable since 

large deformations in a rubber that is still curing will lead to 

"Permanent set" and hence dimensional inaccuracy. 

The correct rate of change of the impression materials 

viscosity with time is important to ensure an adequate time for 

complete mixing of the reactive components, and the flow of the 

curing composition into the fine details of the surface to be copied. 

Once in position the cure should then progress reasonably fast so 

that minimal inconvenience is caused to the patient. The oral 

environment can often be relied upon to accelerate the cure of the 

rubbers either by elevation of temperature or in the case of PbO 2 

cured rubbers by aqueous co-catalysis. 

In the category of materials cured in the mouth and which 

remain there the first problem is in achieving a high enough 

degree of polymerisation. The moist environment of the mouth is 

inhibitive to many polymerisation systems for water acts both as 
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a radical scavenger and as a diluent. Time factors also restrict 

the degree of polymerisation, and structure of the polymers produced, 

for fast cures involving high initiator concentrations tend to 

produce branched low molecular weight molecules, the polymer chains 

terminating by either self-annihilation, transfer to diluents and 

fillers or water absorbed into the surface layers. The products are 

often sold inhibited to extend shelf life, hence much low-molecular 

weight polymer is produced early in the reaction. 

The exclusion of moisture from the curing polymer is attempted 

by means of 'rubber dam' and matrix bandst however the teeth exude 

water and are rarely completely dry. Matrix bands used without 

rubber dams are moistened by the patients breath as they enter the 

mouth and thus produce a scmewhat under cured surface. It has been 

shown that resins cured in air using a dry matrix band have a surface 

layer that is softer than the internal (Fraunhoffer, A, 1971) resin; 

the effect of a moist matrix band adds to the problem. 

The materials in the second category are dental fillings, 

and temporary crowns and bridges. During their use in the mouth 

they are subjected to masticatory forces from the other teeth, hence 

the tensile and compressive strengths of these materials should be 

sufficiently high. Abrasion resistance and surface hardness are also 

important and in the case of polymeric fillings are improved at the 

expense of tensile strength, by the addition of fillers. 

Water absorption and water solubility of the restorations are 

important from a dimensional point of view, and also because of 

strength, for some systems break down on prolonged exposure to 
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moisture. 

The coefficient of thermal expansion should be as near to 

that of tooth structure as possiblev if marginal leakage is to be 

avoided due to fillings contracting at a higher rate than the 

surrounding tooth structure. Polymerisation shrinkage is also to 

be minimised if the filling or crown is to fit the prepared tooth; 

this is minimised by packing the curing polymer in the cavity or 

$tooth-form' as late as possible thus minimising the shrinkage 

occurring when in position. Filler is again added to the mixture 

in large quantities to minimise the latter two effects and needs 

to be a large proportion of the mix (55% v. v. ) to be effective. 

The colour stability of the cured mass at 37c)C is important 

where the filling or temporary crown is used in an aesthetic 

application. Finally, since the polymer remains in the mouth tox- 

icity is importantq especially towards the pulp of the restored 

tooth, for this reason the pH of the cured and uncured resin is of 

interest., 

The group of polymers cured outside the mouth have the 

advantages of choice of polymerisation conditions. The fabrication 
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of appliances for use inside the mouth is a diverse field that 

utilises many of the techniques of polymer science. The fabrication 

of dentures has been attempted using injection moulding of acrylic, 

polycarbonate and polyamide (Nylon) polymers. Howevert the need 

for a quick method of mould production and a low capital outlay on 

equipment has meant that the acrylic dough technique has been 

generally accepted. Hence the first property of such materials 

must be ease of fabrication. It must be possible to produce an 

accurate reproduction of a mould cast from an impression taken 

from the patients mouth. The surface of the cured denture must 

require little finishing after casting and should take a high polish. 

The strength of the polymer should be high and unaffected by 

immersion in water. In the case of dentures the cured polymer 

should have a Young's modulus in the order of 10 9 N/m 2 
at 370C. A 

polymer having aT9 lower than 370C would be unacceptable since as 

a polymer approaches its T9 such properties as tensile strength and 

water absorption deteriorate. 

Polymers cast outside the mouth with T9s well below mouth 

temperature find a use as soft linings for dentures* Viscoelastic 

and water absorption properties are important when assessing such 

a polymers suitability. The frequency dependence of viscoelastic 

parameters gives an indication of their compliance when subjected 

to masticatory forces. Water absorption will reveal any suscepti- 

bility to infiltration by bacteria and susceptibility to poor dim- 

ensional stability. 
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The tendency of soft linings to flow or permanently deform 

is of relevance to gel-type tissue conditioners, for their purpose 

is one of cushioning inflamed soft tissue from the hard denture 

surface. However, if the gel is too easily extruded or deformed 

the cushioning effect is lost. 

2. The Importance of a Physico-Chemical Approach in Dental 

Materials. 

The launching of new dental materials is always done with 

claims of enhanced physical properties, but only on rare occasions 

are the chemical reasons for these enhanced properties divulged. 

For this reason one important part of the appraisal of a new poly- 

mer system applied to dentistry is the chemical analysis of the 

system as packaged. The majority of polymers used in dentistry 

are sold in small boxes at high prices and of necessitythe analysis 

of such systems must be on small samples. Infra-red analysis is 

very useful in this respect and nearly all the constituents of the 

organic phase can be identified by this means. Inorganic fillers 

can be determined by ashing and standard qualitative microanalysis. 

The information gained from such simple tests can be coupled with 

existing knowledge of the groups of polymers found and a full 

picture of the monomers involved and their mechanism of reaction 

can be built up. 

This insight into the chemistry of the materials studied 

is essential to the full explanation of physical properties. A 
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high water absorption can be explained by hydrophilic polymers in 

the product. Rheological anomalies can be explained by inter 

molecular attractions; such phenomena are unexplainable without a 

knowledge of the functional groups forming the constituents of the 

cured and curing product (Chapter 6 on Epimine polymers is a good 

example of this work). 

A knowledge of the chemistry of the product is useful when 

designing the investigation of its physical propertiesq, for proper- 

ties perculiar to the polymer system may not be measured in other 

products having the same application. When a new product intended 

for long term use is launched, if its chemistry is known some 

prediction as to its suitability may be made, eog. the use of amine 

accelerated resins in aesthetic applications when it is known that 

some amines discolour when heated or subjected to ultra-violet light. 

Finally, the toxic nature of a product can only be predicted 

if the chemical species present in the uncured product and their 

predicted reaction products are known. 

1.3. Visco-elasticity Theory. 

1.3.1. Introduction. 

All dental materials at some time in their use are deformedp 

whether it is the high frequency deformation of an Impression 

rubber when removed from the mouth or the low frequency deformation 

of denture base during mastication. In the case of Polymers some 

of the energy of deformation is expended against dissipative forces 

as well as elastic forces, it in not proposed to elaborate On the 
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linear visco-elastic theory covering such phenmenat except to 

indicate the theory associated with the torsional pendulum apparatus 

used to determine visco-elastic properties. 

1.3.2. The Voiqt Element. 

C It 

The simplest theoretical model for a visco-elastic solid is 

the Voigt element above, consisting of a Hookean spring of stiffness 

(C) in parallel with a Newtonian dashpot of viscous coefficient 

M. Although an inadequate model for most polymers, it is never- 

theless used because of its mathematical simplicity* A better model 

is several such elements in series. 

Because the sample used in the torsional pendulum is a 

regular prism in torsion (see appendix (1)). The relationship 

between its torSional stiffness (C) and the shear modulus G is 

given by: - 

C= 1/31. G(20 
3 (2b) I- 192 a/b-Ti 

52 1/(2n+1)5Tanh(2n+l)'T-ib/2af 

n=o 
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(k is similarly related to 2, the internal viscosity term) where 

2a = depth, 2b = width and *1 the length of the specimen. 

In the case of sinusodial deformation, the ter72 Lo (where L, ) 1-s- 

the angular velocity) has the dimensions of modulus and is -V-/ 
2 

out of phase with the elastic modulus. The. )W term can be identified 

with the loss modulus and for most polymers is independent of frequency. 

1.3.3. Torsional Pendulum_Theory. 

The basic elements of a 
TORSIONAL 

let the torsional stiffness of the wire be c w 
let the torsional stiffness of the specimen be cs 

The torsional stiffness of the two together is - 

C+Cs. Hence the torque required to turn an angle, & is c 4),. 

If the inertia bar is displaced an angle 4ý and released the diffe- 

rential equation of its motion for the Voigt element is: - 

id2&+ kc* +c0 
dt dt 

Inertial term Damping term Elastic term 
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2 The motion will be oscillatory if 41c> k; this is arranged by 

having a sufficiently high value of I. For this case the solution 

is: - 

- k. t 

27: 
e 

j 
2, 

ý Cos (U.. ) t- 0) (7) 
0 

This equation is for damped simple hormonic motion. 

N. B. 
k22 

41 Li -, p- Z, 0 ro 0 

-k. t 
giving ee 

0 21 * Cos%. &3t - this is usually the case. 

Experimentally we observe successive amplitudes of vibration 

'8ý1 ' 4ý 
2' 03 etc., and hence we need to know values of t for maximum 

and minimum 

Hence differentiating (7) and putting cMý =0 we get: - 
dt 

Maximum and minimum withOt = nIT 

i. e. t n-Tr 

th k 
hence 0 the amplitude of the n swing 4),. e 21W 006 (9) 

0 
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since WT (9) can be rewritten with T the period 

i). (ý -knt 
n0 41 

The amplitude of the (n + 1) th 
swing is: - 

.& ý& e -k (n+l) T 
n+l 0 41 

kT 
n+l e 

fý 
n 

-on kT 
or loge en+1 71 ýA the logarithmic decrement 

I 
hence 

plotting the amplitude of successive swings 

log A 

Swing number n. 

k4 1& 
T 

hence the loss modulus k 81r I46_ 

T2 
27r k 

and sinceLj6>= T 412 

Ca42 jT 2+ &2) 
T 

hence k&4wid c can be calculated frcm the accurate measurement Of 

the period Of swing and log decrement of the torsional pendulum. 
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1.3A. Complex_Modulus Representation Applied to Torsional Pendulum. 

This approach merely recognised that the material has an in- 

phase and out of phase modulus. For sinusoidal deformation, this 

is represented by a complex modulus: 

G+ iG 
2 

The corresponding stiffness terms are: - 

+ ic 

Also, as the experimental behaviour of the torsional pendulum is a 

damped simple harmonic motion, 

,&0 
-kt bat (3) 

0 

Where 4ý is the angle of rotation, W= 2"U-/periodo and k the damp- 

ing term. k is related to the logarithmic decrement & bY-* 

24 
T 

Now the kinetic energy of the pendulum is: 

I (d 0/dt) 
2 

Where I is again the Mcment of Inertia of the pendulum (3) sub- 

stituted in (5) gives: - 

w=-II (k 2_ 2JA, * _ 
J) 2.4 "d 42 the potential energy. 

Equating real and imaginary parts gives: - 

G I(k 
2 41 2) (6) 

T2 

2 2 WRX - 81V X 

T2 
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Whilst (7) is identical to the Voigt Model solution, (6) differs 

in thatlT 
2_ 

'tr: ý2 rather than 
2+ &2 occurs. As experimentally TT' 

JW was always 44. 'rT2 , this difference is not important from the 

viewpoint of the present investigation. 

1.3.5. The significance of G,, G2 and T 

The mechanical glass transition temperature (T 
9) of a polymer 

is of great importance in dentistq since it marks that tempera- 

ture at which a polymer ceases to be a glass and becomes instead 

a rubber. Hence a polymer designed for use as a stiff material which 

has aT9 at mouth temperature or in the range of temperatures 

experienced in eating or drinking (OOC-600C) would be unsuitable for 

use in the mouth. 

As a polymer approaches its mechanical T9 its storage and 

dissipative moduli G- I and G2 respectively change rapidly, GI drops 

and G2 goes through a maximum value. Hence the determination of GI 

and G2 over the range of temperatures experienced in the mouth will 

give useful information on the mechanical properties of the polymer 

in the oral envircnment. 

T9 has been intentionally defined here in terms of mechanical 

propertiesp even though it is fully realised that the value of T9 

so defined will be a function of the frequency of measurement. How- 

ever, because the mechanical T9 is of importance in dentistry, 

this somewhat arbitmry approach is justified. 
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T9 as defined by discontinuities in specific volume or specific 

heat, are nearer to thermodynamically reversible properties, and 

h4nCe secOnd-Order transitions marked by discontinuities in 

I/V( &V/ACi T) 
p and (46 HIA! N T) 

P* 
(Because the coefficient of expansion 

is often an important parameter of dental materials, the value of 

T9 defined by IMACýV/ AT) 
P 

is also of practical interest), The 

mechanical T9 is usually higher than that defined by equilibrium 

thermal propertiesp because the time scale of mechanical measure- 

ments in suchpa higher temperature is necessary to give molecular 

sequents sufficiently rapid relaxation. 

4. Water AbsOrDtion. 

Beicause the mouth constantly secretes aqueous fluids, the 

polymers used in the mouth should have good water absorpti(m 

characteAstic. s. When a polymer absorbs water it will do so up to 

a limiting value. At this limiting value a dynamic equilibrium exists 

between the water outside the polymer and that inside. Absorbed 

water will be uniformally distributed throughout the polymer and at 

a given temperature the equilibrium uptake of water by a given poly- 

mer system is constant, However, the kinetic situation which 

applies until equilibrium is reached is governed by diffusion 

characteristics. 
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1.4.1. Diffusion Theory. 

Diffusion is the process by which matter is transported frcm 

one part of a system to another as a result of random molecular 

motions. Transfer of heat by conduction is due to random molecular 

motions and there is an obvious analogy between diffusion and heat 

transfer. This was recognised by Fick who first put diffusion on 

a quantitative basis by adopting the mathematical equation of heat 

derived some years earlier by Fourier (Pourierg J. B. 1822; Fick, 

Av 1855). 

1.4ol. Fides Law. 

This postulates that the amount of material (Q) flowing in 

the IxI direction, per unit area unit time is given by: 

0 -J) c 
x 

Where Ic' is the concentration, and D the diffusion coefficient* 

(The dimensions of D are length 2, time-", usually cm2. sec7l), 

in the experimental worko the uptake of water by a plane thin 

sheet of material is measured. Hence diffusion is sensibly uni- 

directionale For uni-directional flow, continuitY cOnsid0rati4ms 

applied to (1) give: 

,ý 
ýc- 

.''ýN( 
D'ýe C 

t ZX-(. -e x) 
if Dis independent of Cq this giveg: 

D WC 
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This equation is easily solved for prescribed boundary Conditions 

by Laplace Transform Methods. Some of these solutions will be 

considered in the next sub-section. 

If D is a function of C, equation (2) becomes: 

76' C= D(C) VC 
+ 

aD C12. 
t 

X2 
c 

cx 

(4) 

This being an equation of the second degreeg it cannot be solved 

explicitly. In the experimental study of systems where D is a 

function of c, the solutions derived from equation (3) are often 

used to estimate diffusion coefficients; clearly this is not altogether 

satisfactory, but has the advantage of simplicity. 

1.4.3. Equations for Concentration and Mass Uptake. 

There are two solutions to equation (3); they are both mathe- 

matically equivalent, but (5a) converges quickly for small values 

of It' and (5b) for large values of It'. 
a* QQ 

C/Co . 
ýE (_, )n erfc (2n+1) l-&-x + (_, I)nerfc (2n+, ), ýx (5a) 
nuo 2- 

ZO: 

57 
OJODFO 

2 , 
rDt 

00 
C/C 

- 1-4 eV -D(2n+l) 
2 I-T2 Con (2n+-l)Tr x (5b) 

0 -Tr n-o(2n+l 41221 

These solutLIMS are for a plane sheet of thiLdcness 21, with the co-- 

ordinate origin in the centre of the sheet* C0 is the equilibrium 

comentratione 
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The total mass uptake of material (the quantity determined 

otperimentally) H is obviously given by MaI C(x, t) dx (6) 
ttýI ki, C 

Noting that M,,, (the total uptake at equilibrium) =2 Co Alp (6) 

applied to (5a) gives: 

Cwo 

mt2 Lt- +2 (-1) n ierfc nl (7a) 

Ytoo jL2 -Fi n. 1 

For the initial stdcges of uptakep the second term <<, 1/-O, ioe. 

(7a) baccmes: 

/% m2 
1/2- 

m 
c20 

(Physicallyp the Mission of the second tem of (7a) meams that 

the diffusion fronts from each major surface have not yet met). 

Equaticn (7b) predicts that an experimental plot of Mt/A., 
I 

versus t should initially yield a straight line; if this proves to 

be the cas*9 D in easily calculated fzcx the slope* 

It can be shown that equation (7b) applies to the case of 

deporoji.. an where Xt viould now be the mass loss 4, 

Hence* ideally the Plots Of sorption and desorption should 

superimpose if-D in indMIMoent of c (vide infra). 

rAtogntion of (5b) gives for sorption 

4310 1 
mt 

w1-. 2. z 
.. 2t (8a) 

jj; c V (19! 13 .. -3e D( +1) 

n-o 412 

The correspading solution for d*sorption in 

!t, 8 ME I (8b) 
wqp Tr 2 

*2 Tg+-i) 2 D(2n+l-)2t 
PLO 

noo 

1-4121 
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Using the value of D obtained experimentally from the initial 

stages of sorption or desorption and equation (7b) equation (8a) can 

be used to check whether the uptake behaviour right up to equilibrium 

conforms to theory. 

1.4.4. Concentratiori Der)endence. 

If D is a function of Cf, it can be shown that Mt will still 

be (x 
J. 

Hence, such a linear plot gives no information in itself 

of whether a system is concentration depend&nt. The following 

features are symptomatic of concentration dependence: 

(1) If the plot of Mt/U against 
J 

for sorption and 

desorption do not superimposet D is a function of C. 

A higher slope for the desorption case means D 

decreases with C and vice versa. 

(2) If D decreases with Cv the value of D calculated 

from equation (7b) during desorption, and sub- 

stituted into equation (8b) will satisfactorily 

predict desorption right up to Mt woo. 

Howeverp using the value of D obtained from (7b) 

during sorption willq when substituted into (8a) show 

progressively increasing disparities from experimental 

data as equilibrium is approached. (Equilibration 

will be very much slower than predicted. 

(3) if D increases with C, it is desorption which will 

show disparities. 
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CHAPTER 2 

A COMPARISON OF CONVENTIONAL DENTURE BASE MATERIAL 

AND HOMOGENWUS POLY (METHYL METHACRYLATE) 
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2.1. General Introduction. 

The first known dentures were Etruscan and constructed of 

animals' teeth wired together (Gueriniq V. 9 1909; Tylman, S. D. 1940). 

In 1726 (Fauchardo P9,1726) note is made of a denture carved from 

wood and ivory; however, they were difficult to produce and unccm- 

fortable to wear. The first scientific advance in denture making 

was in 1724 (Robinson, J. B,, 1.940) with the invention of fused 

porcelain teeth. In 1844 (Schlosser, R. O., 1940) a method of making 

porcelain gum work is described, this no doubt speeded up manufacture 

and improved the fit of the appliance. 

In 1839 (Goodyear, C., 1853; Wolf et al 1936; Porrittp B, D., 
ýýýV 

1931) Goodyear invented "Vulcanite" and British Patent number 577 

was granted to his son in 1855 for the use of "Vulcanite" as a 

denture base material. "Vulcanite"is a vulcanisate of natural rubber 

employing a high sulphur content. This single invention revolu- 

tionised the art of denture making, and proved to be the most popular 

denture base until 1942 when rubber rationing during the war forced 

the dental technician to use the new acrylic dough technique. 

Indeed the occasional patient is still encountered with vulcanite 

dentures. During the "Vulcanite" era there were MaDy 4! ttemPts to 

produce a substitute of betterawthetic appeals In 1868 HYattt in 

trying to find a substitute for ivoryl invented cellulose nitrate 

(Kimball et al, 1931) and this was used for denture bases; hOweVOr 

the objectionable taste of the naphthalene plasticizer and its 

high water absorption rwidered it unsuitabl*, 
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BKkeland in 1907 (Bgkelandl L. H., 1909) developed phenol 

formaldehyde resins ("Bakelite"), but it was not used in dentistry 

until 1924 arid its brittleness made it no competitor to "Vulcanitell 

(Tylman et al, 1946). 

The 1930s saw many copolymers tried as denture bases but it 

was not until I. C*I. in 1935 (Osbornep Jol 1943) produced 

"Kallodent" that poly(methyl methacrylate) was used in dentistry. 

"Kallodent" was produced in blank form for injection moulding. 

This method was scmewhat tedious,, but the aesthetically pleasing 

result justified the method. In the same year Kulzer in Germany 

introduced "Palodon"; this consisted of a granular form of poly 

(methyl methacrylate) which when mixed with methyl methacrylate 

formed a dough which was then moulded and polymerised. This 

greatly simplified the technique and in 1942t when vulcanite and 

German "Pallodon" ceased to be available, I. C. I. produced 

"Kallodent 22211., "Kallodent 22211 had polymer beads instead of 

granules (Plate 2.1) mid was used in the same way as "Pallodon". 

Clearly the final material is heterogeneous* 

Such materials are the basis of all current dental acryliCst 

although modern acrylic doughs are made with monomers to which 

cross-lixking agents such as ethylene glycol dimethacrylate have 

been added to improve tensile strength and craze resistance (Smithr 

D. C. 9 1957). Also available today are sophisticated products such 

as impact resistant acrylics in wWLch the monomer Wbd polymer con- 

tadLn internal plasticizers. 
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PLATE 2.1. 

lip 

Poly(Methyl Methacrylate) Beads. (Mag. x 150) 
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The current dental acrylics are an improvement on those of 

1942. Howevert they are not as strong as bulk polymerised poly 

(methyl methacrylate)p nor can they be described as completely 

satisfactory from the strength standpoint since the National 

Health Service undertakes some 1,0009000 repairs annually. When 

it is considered that only 1,6000,000, dentures are made for the 

National Health Service annually this number of repairs is very 

high. The cost to the National Health Service is over L11,0009000 

a year and constitutes over 1% of the total cost of dental treatment. 

(Annual Report of the Dental Estimates Board,, 1970). 

As the moderate strength, and the brittle nature of the fracture 

is the principal defect of dental acrylics, a fundamental study of 

the relationship between the composition and structure on the one 

hand and fracture properties on the other seemed to be timely. 

Much valuable insight into the strength of glassy polymers 

in general has been obtained by the application of classical 

fracture mechanics. Hence, such methods have been used in the 

current study of dental acrylics. in order to elucidate those 

parameters which govern their strength. Therefore the relevant 

parts of the literature of this subject are surveyed, and the ex- 

perimental determination of fracture parameters i. e. fracture 

surface energy and inherent flaw size undertaken. Subsequent 

chapters of this section describe studios of the topography of 

fracture surfaces. and the development of dental acrylics of 

enhanced strength. 
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Also, to supplement this informationgsupplementary experiments- 

designed to investigate the nature of polymer monomer gels were 

undertaken. This investigation included viscoelastic studies of 

gels using various acrylic monorners, T9 determinationg and an auto 

radiographic study designed to give information on the permeation 

of monomer into various polymer beads under both heat and cold 

cure conditions. 

2* 2. The Strenqth_of Glassy Polymers. 

2.2.1. The Mechanism of Failure of a Brittle Polymer. 

The first theory postulated to explain the strength of solids 

was based on the cohesive forces acting between elements on an atomic 

level. It was proposed that the failure of the solid would be due 

to the breaking of chemical bonds being in the path of the advancing 

crack front. The strength of the solid. it was argued, could be found 

by estimation of the nunbers and types-of bonds to be broken mid the 

forces needed to do so, Of the solutions to the problem arrived 

at all have one thing in common, they were much greater than those 

strengths usually encountered, (Prenkelq Jj 1926; Orowanj E,. 0 1946; 

Polonyi, M. # 1921), However, under controlled laboratory conditions 

strengths near to these theoretical figures have been obtainedt 

(Griffithq A. A., 1921). 

The reason for the discrepancy is implicit in the basic 

assumption that the stress is evenly distributed thrOughOut the 

sample. 7his is rarely the case since surface imperfectimst 
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structural defects and internal stresses arise in the structure 

due either to mechanical handling or fabrication techniques. 

Griffith was the first to explain the discrepancy in the case 

of glass (Griffith, A. A., 1921); he postulated that the surface of 

of the glass was covered in microcracks of various dimensions and 

orientations. Under an applied stress the surfaces of the cracks 

are subjected to an overstress which can exceed many times the average 

stress in the cross-section of the specimen. He further postulated 

that the over stress was a maximum at the apex of the crack and at 

failure the over stress at the apex of the most critical crack 

approached that of the theoretical maximum stress calculated from 

cohesive considerations (fig. 2.1. ). 

Brittle fracture in polymers can occur in two ways9 either 

classically, i. e. as in metals, or in the form of cracking of the 

material with the appearance of a great number of surface cracks 

without disruption of the specimen as a whole. Under small constant 

tensile loadt great enough to eventually end in failure of the 

specimen, many silver cracks form (Regal, V. R. 9 1956; 1953; Sawerv 1.9 

1953; 1954; Hsiao, C. p et al,, 1950; Maxwellt B. 9 et al 1949) in 

the solid amorphous polymer. Ordinary failure cracks form later and 

the specimen breaks. 

Under stresses, high for a given temperature, failure is similar 

to classical brittle fracture. In its first stage there is growth 

of the most critical cracks; this takes place slowly and produces 

a mirror surface, Subsequently there appears in front 
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FIGURE 2.1. 
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of the primary cradc, secondary cracks; these grow in various 

directions in several adjacent planes. As the crack progresses 

the number of secondary cracks increase and the result is a rough 

surface. 

2.2.2. Theories of Brittle Fracture. 

The discrepancies between the theoretical strengths of solidsq 

calculated from cohesive energy considerationst and observed values 

has, to some extent, been explained above. The degree to which 

these defects affect the strength of substances is of great impor- 

tance in deciding on surface finishes and fabrication procedures, 

and it was to this end that an attempt was made to predict the 

practical strengths of materials. 

The definition of the point at which the most critical defect 

in a stressed body begins to increase in size has been approached 

in two ways. The first by considering the energetics of the failure 

process; the second by calculation of the stress distribution 

associated with a flaw in a body. Both methods are of course 

interrelated, and most emphasis here will be placed on the former. 

(i) The Griffith Theory of Brittle Fracture* 

when Griffith first postulated his theory of brittle fracture 

accurate information on bond strengths was not available, hence 

Griffiths approach was from an energistic point of view (Griffith, 

A. A., 1921). 
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Griffith distinguishes between constant strain and constant 

stress in his calculations, in the first case extension of the crack 

releases elastic strain energy, and this supplied the additional 

surface energy, in the second, extension of the crack produces an 

extension of the specimen, and the additional work done by the 

constant applied stress during extension supplies the increase in 

surface energy and strain energy. 

For the case of constant stress in a specimen length L under 
2 

an axial tension q* the elastic strain energy is less th-. L (r 
0 2E 

If a crack of width 2c extending through the specimen, per- 

pendicular to the applied stress, is introduced the specimen will 

extend. The increase in strain energy was calculated by Inglis and 

found to be Tra-2 c2 (Inglis, C. E,, 1913). 
E 

Thus total strain energy 

IT cr- 
2c2_ 

Ur 2. 
cr 

2 (11 2c2+ 
L) 

2-E 2E 

hence the effective elastic modulus is EL 2* 
L+2 -r c 

The work w done by the applied stress during extension of the specimen 

that results frcm the introduction of the crack is 

a- (46-er) 

IC- - strain after crack introduced 
c 

C. strain before crack introduced 

Ew cr = EL 
apparent c, - 

000 W I" a2 L(L-M: c2 21T a- 
2c2 

TZ E 
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Orowan has shown that if a crack is introduced into an infinite 

sheet subjected to a constant uniform stress S, the points of 

application of the stress will be displacedq and the work done by 

the stress condition be shown to be 2U (Orowan, E. 9 1955). 

The introduction of a crack 2c long introduces a new surface 

area of 4c for unit thickness of sample. If the specific surface 

energy ( y) is defined as that required for the formation of unit 

fracture surface area, by analogy to the surface tension Mv the 

corresponding increase in surface-free energy is 4yc. Hence the 

total change in energy is 

(, TT H &T - &U - 4yc - a? C2 /E) 

Griffith then made the assumption that the system would become 

unstable and the crack would increase in size if 3H 
-o ycý 

Applying this criterion to the expression above 

4y 

E for plane stress. 
7Tc 

for the case of plane strain 

(r 
4 

2Ey/'Irc( I_lk 2) j 
where IL is Poissonst Ratio. 

It was noted by Griffith that the stress field associated 

with the cradc was unaffected by a transverse stresst and cmsequentlY 

it was concluded that the failure point was determined solely by 

the imposed stresses acting normally to the cradco 
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(ii) Non-Continium Approaches to Fracture The2ry_. 

Orowan has considered the stress at the tip of an atomistic 

model showing that the condition for failure is that when local 

stress is equal to molecular cohesion, (Orowan, E., 1955). 

However, a more complete and sophisticated analysis of the 

problem has been published by Elliott who derived equations for 

the stress and displacement fields associated with line and disc 

cracks in two and three dimensional infinite, isotropic elastic 

bodies subjected to tensile stress (Elliott, H. A., 1947). An atomistic 

model was then considered in which the crack lay between lattice 

planes separated by an equilibrium spacing a in the unstressed 

state. The stresses at, and displacement of, the planes when the 

body was subjected to tensile stress were obtained from relations 

already derived. The form of the stress displacement relationship 

corresponded quite closely to that expected for interatomic forces 

and is illustrated in figure (2.2). 

The rate of increase of force with displacement was equal to 

E at zero displacementt but decreased with increasing displacement 

until a maximum force was observed. At further displacement the 

force decreased and asymptotically approached zero. It was then 

assumed that the maximum in the curve corresponded to the maximum 

interatcmic force; hence, the surface energy was calculated by 

integration. 

Sc = 0.840 (E y/c)j. 
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FIGURE 2.2. 

schematic representation of influence of stress on atomic 

displacement. The maximum being the point at which catastrophie 

failure begins. 

DISSPLACEMENT --op 
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The numerical factor0.840 found by Elliot's modern treatment 

of the system is remarkably close to that given by Griffith's 

first treatment of the problem, i. e. wI=0.796. 

2.2.3.4pplAcation of Griffith's Theory to Glassy Polymers. 

Berry has studied the variation of breaking stress Cw) with 

crack length (c) for a range of tensile specimens with a crack 

in one edge. (Berry, J. P., 1961). BY aPPlying the Griffith 

formula: 

0' = 

and finding a fitting constant for the experimental data (which 

was of the form c7f)? Berry calculated Ey and hence y. Further- 

more, applying this value of Ey to the tensile-strength of an 

unnotched specimen in the above equation gave a value for c(C ). C 
00 

is not literally the average length of surface flaw, but may be 

regarded as a characteristic of the surface. 

The effect of polymerp molecular weight, cross-linking and 

temperature on y and C0 were studied. This proved to be such a 

powerful method for elucidating the fracture characteristics of 

glassy polymers, that it is used in the current work for the study 

of dental acrylics. 
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2.2.4. The Part "Silver Cracks" Play in Fracture. 

The nature of "silver crackso, was studied in detail by 

Kuvshinsky, Bessonov and Lebeder, and afterwards by Berry (Bessonov, 

M, I., et al, 1959: 1961; Lebeder, G. A. 9 etal, 1961; Berry, J. P., 

1960; 1962). It was shown that silver cracks are structurally 

different from ordinary cradcs. They consist of wedge-shaped regions 

which separate into layers and cause the high deformation of the 

polymer which undergoes considerable cold elongation and consoli- 

dation. The toughened parts (strands) strengthen the folds of 

the silver cracks; this means that silver cracks are pseudo-cradcs. 

The strands of the silver cracks carry part of the load and 

the over-stress of the material near the roots of the silver cradcs 

is not as great as that at the apices Of failure cracks in brittle 

material. Although silver cracks do not lead to unloading of the 

specimen as a whole they do lead to the redistribution of local 

stresses. Each silver crack discharges the area of material lying 

immediately above and below it while the regions to the right and 

left of the same cross-section are over-loaded. This leads to 

deceleration of growth of a given crack and acceleration of adjoining 

ones. 

Silver cradcs, can be described as the process of preparation 

for polymer failure. Failure cracks propagate behind the "silver 

cracks" through the breaking of strands. Hence, in front of the 

root of the failure cracks is a region of strands which renews 

itself as the failure crack advances. 
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with a lowering of taq3exature, and increased speed of deforma- 

tion, the limit of low elasticity grows so much that the sample fails 

quideer than the strands can form and the process proceeds only 

by propagation of failure cradcs. 

The transition from one failure mechanism to another takes 

place gradually. The areas of silver cracks in front of failure 

cracks will diminish with low twiParatures and high elongation 

rates and will ultimately disappear altogether, At ambient tempera- 

tures (, %420 0 C) silver cracks precede failure in scme plastics, e. g. 

poly(methyl methacrylate),, in Others only brittle failure is observed 

e. g. polystyrene* 

2.2.5. The DePendenCe Of UltiM&te Teneile proper! ýjes on 

Molecular Weiaht and Structure. 

If Bessonov's and Berry's view of cradc propagation and silver 

cracks is correct then the ease with which polymer chains can 

orientate will be of importance in considering the ultimate tensile 

strength of the specimen as a whole (Bessonov, NOI., 1959; Lebedev, 

G, A, p 1961; Berry, J. P., 1962). It has been shown that the T9 of 

a polymer is only dependent On molecular weight if that molecular 

weight is very low. Also the temperature of flow of a linear poly- 

mer is dependent on molecular weight below ajq v of 50,000, and is only 

dependent cc molecular weight if the polymer is cross linked. 

Margin, V. A. 9 Sogolova, T. I. JL949), It is not surprising, therefore,, 

that several workers have found that the ultimate tensile strength 
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of a specimen is only dependent on molecular weight below a viscosity 

average molecular weight of . INJUIO 
5, (Snooks, A. M.,, et a19 1945; 

Kargint V. A., et a!, 1940; Vincent, P. I., 1960). 

Lao Mv 

FIGURE (2.2a). 

The values for ultimate tensile strength approach a limiting 

value for a given polymer. Berry has shown that y also has a 

similar trend and is inversely proportioned to Mv, figure (2*2a)q 

Berryo J. P., 1964). 

Berry, Vincent and Mark, in independent experiments postulate 

a mv of 259000 where the ultimate tensile strength should be zero, 

however, this has not been proved experimentally. 

Mark and Meyer postulate that with a low molecular weight 

polymer it breaks due to slipping of chains and surmounting of 
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molecular forces. Above a certain degree of polymerisation, which 

is lower the stronger the interaction between polymer chains, the 

material becomes strong; the polymer fails as a result of the breaking 

of polymeýchains. Berry postulates that a sufficiently long mole- 

cule will start and finish in the unyielded region, yet pass through 

the yielded region, It can be seen that in such a case the fracture 

properties would be independent of molecular weight. 

Molecular weight distribution is found to have little effect 

on the strength properties of high molecular weight specimens and 

only affects those specimens with large low molecular weight fractions, 

(Ourevictip L. G. 9 1961). 

The possibility of the relaxation of stress at the tip of the 

crack by molecular orientation in linear polymers has been raised 

to explain silver cracks. Up however, a degree of cross-linking 

is introduced, the orientation of the molecules is made more difficult. 

This is found to be so, (Berry, J. P..,, 1963)1, for the energy required 

for fracture is considerably reduced. It is significant that Berry 

found no interference colours in the mirror section of the cross- 

linked specimens., 

2.2.6. The Relevance of Fracture Theories t; Q, Glg-issy Polymers. 

The fracture theories described above all assme one thingt 

that the specimen is ideally elastic. In the case of glassy polymers 

however, this is not the case. Plastic deformation does take place 

and several wokIcers have studied the phenomenon (Bessonov, M-1.9 
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et al. 1959; 1960; 1961; Lebeder, G. A., et al 1961; Berry,, J. P., 

1960; 1962). It has been shown that plastic deformation occurs in 

linear poly(methyl methacrylate) at temperatures as low as 77 0K 

(Berry, J. P. 1963; Bernadetto, A. T., et al 1971). This being so 

it is arguable that the Griffith theory is not relevant to the 

poly(methyl methacrylate) system. 

Experimental evidence shows that the value for y of poly(methyl 

methacrylate) found by the tensile method is 400 times greater than 

the value calculated from Griffiths theory. This discrepancy is 

attributed to plastic effects, however, it is argued that the volume 

of material which responds inelastically is small compared with the 

total volume of the bodyp and the corresponding error in strain 

energy is smallt (Berry, J. P., 1964). It is also argued that the 

total energy consumed is proportional to the area of surface produced, 

and therefore it is legitimate to apply the elastic analysis 

(Orowant E. 9 1950). 

The Griffith theory has been shown experimental. V to be relevantp 

(Berry, J. P., 1961)t however, the Ey term is more complex than is 

suggested by brittle fracture theory and is a function of the system 

studied. Several complex and specific attempts have been made to put 

the apparent y for polymers on a theoretical footing but no general 

solution has yet found acceptance (Bernadetto, A. T., 1971). Despite 

this, the apparent y found by experiment will still be significant 

in the prediction of ultimate tensile strength properties and will 

have the advantage of being independent of surface preparation and 

dimensions of samples. 
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2.2.7. The TopoýLraphy of Fracture Surfaces. 

When a substance breaks the passage of the cradc leaves 

a topographic record of the processes occurring at any given point. 

In glassy polymers the fracture processes are mechanical rather than 

molecular. For this reason light microscopy may be used to study 

the topographic record. The information gained from topographic studies 

is somewhat empirical. Howeverg the large number of topographic 

studies done of poly(methyl methacrylate) fracture surfacesl provide 

a good basis from which to comment on the topographic features of 

dental acrylic fracture surfaces. 

(i) Topoqraphy of Poly(methyl methacrylate) Fracture Surfaces, 

The fracture surface of poly(methyl methacrylate) hag; four 

distinct regions, the highly reflecting regiont the featureless 

transitiont, or mirror region, the hyperbola region and the bifur- 

cated region. The features Produced at a given point of the surface 

are dependent on the velocity of the crack at the instant of its 

passing. The highly reflecting region is indicative of slow crack 

growth. This is highly coloured; BerrY postulates that the colours 

are caused by optical interference in a thin layer of orientated 

polymer at the surface (Berryq J. P., 1962; ), figure (2.3). The 

production of this orientation layer is described in section 2.1 

describing 'silver cracks'. 

The featureless transition region marks the beginning of 

failure cracks and the rapid acceleration of crack growth. The lines 

in the region are a result of cracks running on different levels 

which overlap to form 'tear lines' (Plate 2.2). The two levels 
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, 
FIGURE 2.3,. 

A Schematic Diagram showing the formation of an orientated 

layer in the fracture surface of a polymer at slow cradc growth. 

FTGURE 2.2. 

The transition region of a fractured surface of "Perspex" Mag. 

x 256 . An interference wedge was used to distinguish between 

the levels at which the crack propagated. The intersection 

between levels can be seen as tear lines. 
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of cradc travel have been shown by profilimetry (Berry, J. P. 9 1962)9 

and interfercmetry. The difference in height of the two crack 

planes has been explained in terms of the orientated layer theory. 

The height difference being of the order of the thin film necessary 

to give the colour effects in the slow growth area. 

The region of hyperbolas is a region of even faster crack 

growth. Berry has shown that the greater the crack velocity the 

greater the stress in-front of the crack (Berry, J. P., 1963). 

Flaws in the unfractured area in front of the crackt act as 

btress raisers and a second crack propagates radially in front of 

the main crack. The hyperbolic markings are the result of the 

intersection of the main crack front, which is assumed to be non 

linear, and the secondary crack front, (Regal, V. R., 1951; Smekal, 

A. 1950), figure (2.4), plate (2.3). 

Berry predicts a bifurcation of the crack at a limiting 

velocity. It is this birfurcation coupled with the secondary crack 

propagation that forms the final rough and crazed region of the 

fracture surfacep (Berry, J. P., 1960). 

(ii) Factors Affecting the ToD hy of the Fracture Surfaces. 

It has been shown (Berry, j. p. 1962) that an increase in 

initial flaw size has the effect of spreading out the regions so that 

a large flaw will produce a large mirror surface and the birfurcated 

region may not be found at all. A very small flaw produces very 

little of the first three regions, the surface being mostly bifur- 

cated and shattered. 



Figure 2.4 The formation of hyperbolic surface markings 
by the interaction of radial crack fronts. 

Figure 2.5 Hyperbolic markings on the fracture surface 
of 'Perspex' (mag x 560). 
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This follows from Griffith's theory and Berry's cradc velocity 

equations as it can be seen that the larger the flaw, the less 

energy needed for fracturep and the slower the cradc speed, 

(Griffith, A, A. 9 1921). 

The rate of loading of the sample was shown to have a similar 

effect (Zandmann, F., 1954),, and fran what is known of 'silver crack' 

formation it is reasonable to assume that more, and largerg 'silver 

cracks' will be formed at low rates of deformationg and hence have 

the effect of lowering the initial energy release on the propagation 

of failure cracks. 

The molecular weight of the specimen was also found to affect 

the topography of the surface, (Walock, 1.1957; Newman, S. R. et al, 

-1957). it was found that the lower the molecular weightt the earlier 

was the incidence of hyperbolas and bifurcation. There was also found 

to be an increase in hyperbolas per unit area the lower the molecular 

weight. 

The effect of cross linking the specimen is that the surface 

becames uniformp and hyperbolas become rare and not so well defined. 

The interference colours are no longer found, this is attributed by 

Berry to the fact that the cross linked lattice would not be able 

to orientate to the same degree as a linear polymer, (Berry, J. P., 

-1963). 
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2.3 EXPERIMENTAL 

2-3-1 Preparation of Denture Base Acrylic 

For the study to be relevant to dentistry in its findings 

the preparation of the acrylic was carried out by the standard 

dental laboratory method. Hence, each specimen was cast in a 

plaster mould, sealed wi-th alginate 'mould release'. 

The resins were cured in a dry heat bath because such 

baths were in general use in the hospital laboratory. It is 

noted that many laboratories simply use a bucket of hot water 

as a curing bath and this will introduce some water to the 

curing duugh. However, it is argued that the greatest water 

threat is from the dental plaster and also that external water 

will affect the 'flash' rather than the specimen. 

Where possible specimens were cured in standard single 

denture size flasks fitted with a spring to keep the curing 

dough under compression. When large samples were required, 

plates siz inches square and j inch deep were cast in large 

facial prosthesis flasks. These had no compression devices 

and often the specimens contained shrinkage porosity. 

The cure cycle for each specimen remained the same 

throughout the study; the bath temperature was raised to 90 0C 

over fourteen hours, held at that temperature for -74 
hours, and 

then allowed to cool slowly to room temperature. After cure, 

each plate was machined flat using an end miller and then 

polished using fine 'wet and dry' paper, followed by pumice 

and water. Finally, each sample was buffed using whiting 

and cloth discs. The surface finish obtained was an attempt 

at reproducing the finish of a polished denture. 
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2.3.2. Determination of theTracture Surface Energy of a Polymer 

Berry's tensile method was used to determine the fracture 

surface energy of bulk polymerised poly(methyl methacrylate)+ 

and clear unfilled "Stellon" (Berry, J. P., 1961). The "Perspex" 

was supplied as 1/411 sheet with a very high polish. The I'Stellon" 

dental acrylic was cast into plates and polished as described 

above. 

The "Perspex" and I'Stellon" plates were cut into pieces 

211 x 611 . 200 "Perspex" pieces and 300 "Stellon" pieces were made. 

A crack was introduced into each piece by means of a wedge inserted 

into a 1/411 fretsaw cut (figure 2.5.1). Each crack was then examined 

and graded. All cracks with bifurcated ends or twists along their 

length were rejected. Cracks with ends not perpendicular to the 

flat faces were put aside to be used for long cracks and cracks 

with perfectly perpendicular cracks were used for very short cracks. 

Using a 411 milling cutter the cracked side of the sample was 

milled into a dumb-bell shape, the height of the centre portion 

being regulated to give the required length crack, figure (2.5.2). 

A template was then placed against the centre portion and 

a mark was made I cTn from the machined edge. The plate was then 

milled into a dumb-bell shape with the flat section I cm wide, 

figure (2.5.3). A dumb-bell shape was found to be essential at small 

crack lengths to prevent failure of the specimen in the jaws rather 

than at the artificial flaw. 
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.3 

FIGURE 2.5-. 

The Preparation of Tensile Strength Specimens of Known Crack Length. 

MILLING CUTTER 

TEMPLATE 
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A hundred 'Stellon' specimens were correctly cradced and 

machined; these were divided into two groups, each group containing 

cracks of all sizes ranging from 5 mm to 0.05 mm. One group was 

placed in water at 370C for six months. The other group was marked 

with crayonj and mixed with eighty cracked and machined perspex 

samples. 

Each dry specimen was then broken in tension using a Hounsfield 

Tensameter. The length of each crack was measured using a travelling 

microscope and the cross-sectional dimensions were measured using a 

micrcmeter. The wet samples were broken wrapped in water soaked 

cotton wool. All tensile tests were carried out at rocm temperature . 

2.3.3. Molecular Weight Determination. 

The viscocity average molecular weights of 'Perspex, and clear 

unfilled 'Stellon' polymer beads were determined in Butonone, The 

single dilution method was used wherein the statistical correction 

0f to) was found by Schulz and Sing's method (Schulzq ý) 
obs ideal 

1943)4, 

one 2% solution of each polymer was made in Butonone and using 

a tce U tube visccmeter flow times reproducable to within -T'o of a to 

second were obtained at 250C. 

Th cross chedc results the experiment was repeated using chlor(>- 

0 form at 25 Ca so. 
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2.3.4. Strength Determination.; 

Flexural strength, tensile strength and impact strength were 

determined for 'Perspex' and 'Stellon' by the methods described in 

appendix I. All measurements were carried out at 250C. 

2.3.5. Topographic Study of Fracture Surfaces. 

In the introduction it is stated that the fracture surfaces of 

unnotched specimens are rough with little or no 'mirror section'. 

Hence the topography of these high speed fracture surfaces, though 

characteristic of a particular polymer, cannot give much information 

on inhomogenuity as great as that in dental acrylic. The cracks of 

greatest interest when studying inhcmogenuity are slow growth cracks. 

In these the topographic regions are spread out and particular regions 

in different specimens can be ccmpared. 

Each specimen was cast as a flat plate 7.0 x 2.0 x O. -j cm as 

described in section 2.3.1. A 1/41, saw cut was made in the long side 

of each plate using a fine fret saw. Slow growth cracks were pro- 

duced using a wedge inserted into the saw cut. The pressure on the 

wedge was increased by means of a clamp until the crack began to run. 

The moment the crack began to run no more pressure was applied to the 

wedge. 

The specimens were viewed within five minutes of being fractured; 

this was done to minimise relaxation of any features caused by 

orientation prior to fracture. Each specimen was mounted in plasticine 

on a glass slide. Care was taken to ensure that the fracture surface 
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was flat and parallel to the glass slide, The microscope used to 

view the surface was a Reickert IZetopan' fitted with a 'Nomarskil 

illuminatore The specimens were viewed using incident light. To 

clarifY surface markings and distinguish areas of the same level, 

a Ncearski interference contrast attachment was used. This attach- 

ment uses an interference wedge to produce an image where levels are 

differentiated by colourg (Plate 2.2). 
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2,, 4. Results. 

2.4.1. Determination of Fracture Parametersy C 
0 

bv. Berry's Method* 

The tensile strengths of each of the cracked samples were 

calculatede The square of the tensile strength of each sample 

(cr 
c) was plotted against the reciprocal of the crack length (c) 

present in the sample. The resulting plot had a linear initial 

region which became a curve at small values of c. This was expected, 

for at small values of c the Crack length is smaller than the inherent 

crack length (C 
0 

). The slope of the initial linear region was 

found by the method of least squares and frcm this Ey could be 

found frcm the equation: 

&' = 0.840(E y/c)i c 

c0 was taken as the value of c gained by substituting the value of 

a- for an uncracked sample in the equation above. c 

Plots of tensile strength versus crack length (c) for "Perspexy 

dry "Stellon'19 and "Stellow, after Immersion in water at 37,40C for 

six months are'shown in figures (2.6), (2,7) and (2.8) respectively. 

Figure (2.9) compares the theoretical curves of o-versus c for 

"Stellon", and for "Stellon" after water absorption. 

The physical properties of dry 11perspext, and t, Stellcn" are 

compared in table (2.1), all values quoted are at 25"C. 
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2.4.2., Topographic Study of "Perspex" and "Stellon". 

The topographic features of I'Stellon" and "Perspex" as fracture 

surfaces are presented as photmicrographs. The plates are arranged 

where possible in such a way as to face the pages on which they are 

discussed. 
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TAMZ 2*1. 

The physical properties of "Perspex" and "Stellon" at 25* C. 

loperspexIl "Stellonll 

Ijapact, strength 

ft. lb, per inch of notch 0*0136 0.0116 

Tensile strength 

-2 Kg/Cm* 780 550 

Younges modulus 

dynes. (=41-2 2.9 x 1010 2A x 10 
w 

Fracture surface 

energy ergs/cm. -2 2.0 x 10 5 
IA x 10 

Inherent flaw size C0 am 0.061 OoO83 
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0 

FIGURE 2.6. 

The Dependence of Tensile Strength on Crack Size for "Perspex" 
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FIGURE 2.7. 

The Dependence of Tensile Strength on Crack Size for "Stellon" 
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*STELLOPýAFTER 6 MONTHS 

IN WATER AT 37 C 

0 

IP 400 -0a 60 

Cýo 0 300- 00 
0 

to 
", 000 007 00 

ýý 

0 
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Cold" 

FIGURE 2.89 The dependence of tensile strength on crack size for 

"Stellon" after immersion in water at 37.49 C for six months. 

0 goo. o ISTELLON AFTER 6 MONTHS IN WATER 
7 2. OxIderqs/cjjý 

500- c. 0.13mm 
STEI. 1014 TESTED DRY 

700[ 7 1.4 x Id erqs/cný 
c, 0.083 mm 

I ultimate tensile strength of sTELLOhi for 

0500- 
bcAh groups of samples - 550 KgcR 

01234S67a9 10 11 12 
Cmd" 

FIGURE 2 9. Comparison of the dependence of tensile strength un crack 010 
size in "Dry Stellon" and in water absorfied "Stellon" samples. 
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2.5. Discussion. 

A Comparison of the Fracture Parameters of "Stellon" 

and "PerspexV 

The physical properties of "Perspex" and "Stellon" given in 

table (2.1) show no anomalies. For considering the marked 

differences in preparation of the two groups of specimens, it is 

not surprising that "Stellon" has a lower strength and stiffness. 

The physical property data does point out the magnitude of "Stellons" 

inferiorityt but gives no insight into the root cause of such a 

weakness. It has been stated in the introduction that there are 

many possible reasons for "Stellon's" weakness. It is hoped that 

some insight into the factors influencing the strength of this 

particular system is made possible by the results of the fracture 

mechanics experiment. 

To check that the technique used in the experiment yielded 

results that were accurate and could be trustedq Berry's original 

experiment was repeated using "Perspex". The molecular weight of 

the "Perspex" was found to be 6x 10 
6 

and the polymer was assumed 

to be linear. Berry used "Plexiglass"O and the R of his specimens v 
6 

was also 6x 10 . The intrinsic flaw size of "Perspex" was found 

to be 0.061 mm; this is in exact agreement with Berry's result for 

i, plexiglass", (Berryq J. P., 1964). The value of 2.0 x 10 
5 

ergs/cm-2 

for the fracture energy (y) of "Perspex" compares well with the figure 

of 2.07 x 10 
5 

ergs/cm. quoted by Berry for "Plexiglass" and by other 

workers using other techniquesv (Berryg J. P., 1963; Bernadetto, D., 1970; 

Earl, B. 9 1971). It would be reasonable to suggest therefore that 
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since the same experimental conditions exist for the "Stellon" 

samples, the values of y found for both groups of samples are 

of the same standard. 
52 

The fracture energy for dry "Stellon" is 1.4 x 10 ergs/cm 

The molecular weight of the bead phase is known to be -1 x -10 
6 

Therefore, in the light of Berryls work on the influence of MV on y 

(figure (2.2)) the value of y for "Stellon" is very low. An acceptable 

value of y for that R would have been about 2.0 x 10 
5 
ergs cm 

2 
v 

However,, low molecular weight is not the only factor determining yt cross- 

linking or at the very least branching may be an influence. 

The monomer liquid of "Stellon" can be shown by refractive index 

measurements and infra-red spectroscopy to contain about 10% cross- 

linking agent. Therefore, it would Seem unlikely that "Stellon" is 

a totally linear polymeric system, and that there will be some cross- 

links. However,, considering the rate of termination of the polymer 

due to moistureq inhibitor arid high catalyst concentration the influence 

of the cross-linking agent will be reduced. 

It has been shown experimentally that a liquid consisting of '10% 

ethylene glycol dimethacrylate and 90% methyl(methacrylate) when poly- 

merised under ideal conditions has a fracture energy of 4.65 x 10 
4 

ergs/ 

cm 
2, (Berry, J. P. 1,1963). 

The cross-linking agent in "Stellon" liquid is not as effective 

as that in Berry's experiment. Howeverg the influence of cross- 

linking is so much greater than that of R in determining y that only 
v 

a little may be needed to affect y to the degree noted in I'Stellon". 
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The intrinsic flaw size of "Stellon" is 0.083 mm.; this is 

far higher than that of "Perspex", which is only 0.061 mm.. The 

influence of both lowering the R and increasing the degree of 
v 

cross-linking is to reduce the value of C09 (Berryt J. P., 19639 

1964). Therefore a third influence must be responsible for the 

increase in Coo Inhomogenuity would seem to be the most obvious 

factor influencing Co. Inhomogenuity has been shown to exist in 

denture base acrylic by Smith and the topographic study of "Stellon" 

fracture surfaces confirms thisq (Smith, D, F., 1961). 

2.5.2. The Topography of t'Stellojis" Fracture Surface. 

The slow growth area of the fracture surfaces of "Perspex" and 

"Stellon" are identical Plates (2.4) and (2.5) respectively. The 

high reflectance and the smooth undulating surface of "Stellon" in 

this region shows no bead structure at all plate (2.4). The trans- 

ition from slow to fast crack growth is the same for both polymers 

with a line of hyperbolas pointing into the slow growth area and 

followed in both cases by a featureless region. In "Perspex" this 

region is large but in "Stellon" it quickly changes to the first 

indications of inhomogenuity. The bead shapes remain featureless, 

but the spaces in between have parabolas in them. The size of these 

jjyperbolas rapidly decrease as the crack acceleratesq and the number 

off9perbolas per unit area increases, The beads can be seen to be 

cleaved through leaving a flat surface, The flat bead surfaces are 

still in the transition region of crack growth when the area 
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Ag, 

1,7 

The slow growth area of the fracture surface of "Perspex" 

'I lrik 

II 
IW. 

PLATE (2.5) 

The slow growth area of the fracture surface of "Stellon". 
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surrounding them is full of minute hyperbole, plate (2.6). The baad 

surface then fills with hyperbolas and the area surrounding the beads- 

begins to bifurcate, plate (2.7). The final stage is the bifurcation 

of the whole surface. The high initial reflectance would suggest 

that some inelastic deformation had taken place in both phases. 

In the experiment carried out by Berry on 100/6' cross-linked 

poly (methyl methacrylate) the fracture surface was found to be non 

reflecting, (Berry, J. P., 1963). This wouldindicate that the second 

polymerised phase in 'Stellon' is not cross--linked to the same extent. 

The topographic features described for the second phase, which 

is assumed to be in the interstices, are those of a formation of 

hyperbolas, at low crack velocity, and a tendency to form large 

numbers of small hyperbole at high crack velocity. Such features 

have been described for specimens of both low molecular weight or 

of a high degree of cross. -linking. 

The topographic study also reveals that the polymer bead phase 

does not dissolve to any great extent in the monomer liquid. Also 

that adhesion between phases is very good. This is indicated by the 

crack passing through the beads, rather than round them, and the 

diffuse boundary betwenn bead and interstitial 1: )hases. 

The rate of advance of topographic features through a polymer 

can be taken as an indication of the =orgy needed to fracture. 

The inter8tititil phase is at a more advanced stage of failure than 

the bead phase at each instant of fracture, as is evident in the 

transition and hyperbola regions. Therefore, it would be reasonable 

to suggebt that the interstitial phase has a lower Y than the 

bead phase. 
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PLA'rE (2.6) 

The Hyperbola" region of the fracture surface of "Stellon". 

N. B. Beads are cleaved not plucked out. 

PLATE (2.7) 

The "Hyperbola" region of I'Stellon', 
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2.5. -DS, The Effect of an Aquems Environment on the Strength 

Characteristics of "Stellon". 

The equilibrium uptake of water into "Stellon" is 2.12%. and 

during the absorption process the sample loses 0.416% by weight in 

the form of low molecular weight species. The effect of such a loss 

on the tensile strength of the specimen will be minimal. 

The "straight pull" tensile strengths of the wet and dry 

specimens were the same within the limits of experimental error. 

: Et might be concluded frOM this that six months immersion in water 

had no effect. Howeverp the difference in the yos and c0 Is for the 

two groups of samples shows that a change has taken place. 

The y value has risen from 1.4 x 105 ergs/cm 
21 for dry "Stellonllp 

to 2.2 x '10 
5 

ergs/cm 
2 for wet "Stellon". There was also an increase in 

the intrinsic flaw size from 0.083 mm for dry "Stellon" to . 130 

for wet "Stellon". The twO changes are clearly cmpensating, as cr 
c 

remains unchanged. 

The rise in y may be partially the result of post curing the 

interstitial phaseq for it must be noted that the dry samples were 

tested after only one week at room temperature (250C),, whereas the 

wet samples had been kept at an elevated temperature (37.40C) for 

six monthse Howevery such increases in y have been previously 

noted in high molecular weight Poly(methyl methacrylate) when 

fractured in water (Benbow J. Jq,, et al.,, 1957). Hence the more 

feasible explanation of the rise in y is that water plasticises 

the stressed polymer at the tip of the crack, thus allowing the 

molecules to orientate more easily. The result is a more efficient 
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dissipation of strain energy at the tip of the craclq and an 

increase in the fracture surface energy. 

The increase in c0 is possibly a direct cause of plasticisation 

by the absorbed water, The diffusion of solvents into polymers is 

known to lower their craze resistance. Since low craze resistance 

is associated with large values of c0, the rise in c observed 

would seem consistent with these views. The inhcmogenuity of the 

sample may also affect the distribution of absorbed water at 

equilibrium. If this is so, the result will be an increase in c 
0 

if more water is absorbed into the interstitial phase. This is a 

possibility since the cross-linking agent contains a higher oxygen 

content per molecule than methyl methacrylate. 
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2.6. Conclusion. 

The previous discussion section allows several conclusions to 

be drawn concerning the structure and properties of denture base 

material. It can be said that the dough technique produces an 

inhcmogeneous product. This product is weaker than homogeneous 

linear poly(methyl methacrylate) of ccmparable R. It can also be 
v 

said of the two phases present in cured "Stellon" that one is in 

the shape of spherical beads which in some cases show signs of 

coalescenceg and the other phase is in the interstices of this matrix. 

it may also be concluded that the effect of water absorption 

on the tensile strength of "Stellont, is practically undetectable at 

37.4 0 C. However, the increase in inherent flaw size c will lower 
0 

the resistance of the material to fatigue and solvent crazing. 

(Walters, N., 1968; Berry, J. P. 1965). Hence the effect of water ab- 

sorption on denture base acrylic is to shorten the useful life of 

the denture. 

The topographic evidence shows that the bead phase has a higher 

fracture energy than the interstitial phase. The Youngs modulus of 

the bead phase is also higher than that of the interstitial polymer. 

Reasons for the weakness of the interstitial phase lie in the structure 

and molecular weight of the polymer. The K is seen to be low and v 
the polymer chains are at the very least branched due to the inclu- 

sion of cross-linking agent into the monomer liquid. The adhesion 

of the two phases can be seen to be good. There is also evidence 

for a coalescence of the two phases at their boundaries. 
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A model embodying all the points mentioned above is shown in 

figure (2.10). Such a structure when stressed would not be expected 

to distribute the stress evenly throughout the body. The interstitial 

phase would unload part of its share of stress by transmitting it 

to the bead matrix. The bead matrix is not uniformally packed and 

therefore stress within the matrix itself will not be uniform. 

Considering Griffiths theory of the strength of materialsq 

the surface of the material would be expected to be of importance. 

When stress is applied to the specimen the interstitial phase will 

be defomed more easily for a given stress than the bead phase to 

either side. If it cannot elongate because of the presence of the 

beads the result is an unloading of the interstitial phase and a 

transmission of stress to the bead phase below. The interstitial 

phase is acting as a flaw. The efficiency of this unloading process 

is far less than if the interstice was a crack and hence the over- 

stress at bead (B) is not as great. 

Howeverg it can be seen that the interstice will cause an over- 

stress at (B) and that it will unload the volume around the inters- 

tice. Fracture will occur when either the stress in the interstitial 

phase reaches a limiting value or when the over-stress at (B) reaches 

its limiting value. Either method is possible and the actual 

mechanism of fracture that occurs will be influenced by surface 

finish and the degree of coalescence of the two phases, as well as 

all the other parameters that would influence a homogeneous specimen* 
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FIGURE 2,10 

A simple model of the structure of "Stellon" based on the 

evidence presented in this chapter. The 'B's represent some 

of the points at which stress will be greatest. 
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The model assumes that stress can be transmitted through the 

bead matrix. This is unsubstantiated, just as it is not known how 

much of the bead shapes in the topographic study are in fact original 

bead. The experiments in the next section attempt to elucidate 

these points. Viscoelastic experiments on various gels provide 

useful evidence for the transmission of stress through the "bead 

3 
matrix". Autoradiography of H-labelled denture base acrylics 

indicate the extent to which monomer diffuses into the polymer beads 

before gellatione If it were found that the bead matrix cannot 

transmit stress frcm one bead to anotherg then the appropriate 

model would not be the one described but that of a low molecular 

weight branched polymer containing a polymeric filler. it can be 

appreciated that if the strength of denture base is to be improved 

then it is important that the correct model is defined. 
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3.1. Introduction. 

The previous chapter established that conventional denture base 

acrylic is heterogeneous. The viscoelastic properties of this type 

of heterogeneous system and the exact nature of the heterogenuity 

are described in this chapter. The viscoelastic study demonstrates 

the importance of each phase in determining the stiffness of the 

structure as a whole. Autoradiography is used to show the distri- 

bution of the low molecular weight phase in the cured system. 

3.1.1. The Viscoelastic Study of Heterogeneous Polymer Systems. 

The nature of the heterogenuity of a system is an important 

factor in determining its viscoelastic properties. The viscoelastic 

parameter of interest to this study was the real part of the shear 

modulus (G 
I 

). Therefore the viscOelastic properties of heterogeneous 

systems will be discussed in terms of GI. 

A polymer containing a filler is one example of a heterogeneous 

system. In such a system the mechanical T9 is indicated by a fall 

in G, 
1. 

The amount by which GI falls is reduced by -the 
inclu- 

sion of filler. Howeverp the position of the transition remains 

approximately the same. An example of this phencmenon is to be seen 

in chapter six where plots of GI against temperature are shown for 

an epimine resin containing filler and the same resin in an unfilled 

state. Denture base acrylic may be a low molecular weight polymer 

containing a filler of poly(methyl methacrylate) beads, In this case 

the T9 of the system will be the same as that of the interstitial phase. 
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A more feasible viscoelastic model of denture base acrylic 

would be two phases formed of interpenetrating polymer networks 

(IPNs). The interstitial phase indicated by the topography study 

would be a network of low molecular weight polymer containing a small 

amount of higher molecular weight polymer. The bead phase would be 

an IPN of high molecular weight polymer containing sane low molecular 

weight polymer produced dur ing the curing of the dough. The phase 

boundaries would be a continuous concentration gradient. 

The transition behaviour of IPNs formed from thermodynamically 

compatible polymers has beenstudied by Sperling and his co-workersp 

(Sperlingg L. H. 9 et al -1970(a) and (b)). The transition of an IPN 

occurs over a wide temperature range and is characteristic of a 

polymer having a continuous distribution of relaxation times. 

The temperature range of the single transition shown by compatible 

polymers is from the T9 of one Polymer to the T9 of the other. 

incompatible polymer pairs show two distinct transitions which 

correspond to the T9 of the respective polymer components of the 

JPN. 

Howeverg not every broad transition will mean that the morphology 

of the specimen is that of a&IPN. A low molecular weight polymer 

having a wide molecular weight distribution may also behave as i 

distribution of units each having different relaxation times (e. g. 

Homo poly Butadiene). Howevert the method of fabrication of the 

cured denture base acrylic would suggest that acme : EPN is formedo if 

only in the interstices. Autoradiography will show whether or not 

the bead phase is also an I-PN. 
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The compatibility of IPN6 has been shown to have a 

significant influence on its strength (Compff, H. A., 1970). 

The compatibility of a poly (methyl mathaerylate)/poly (methyl 

methacrylate) matrix is obviously not in doubt. However, the 

addition of large amounts of other monomers (cross-linking 

agent or plasticising monomer) may reduce compatibility and 

hence reduce the strength of the IPN also. 

In this study of the viscoelasticity of the cured dental 

acrylic doughs a variety of polymer pairs were produced and 

studied. However, because each sample was produced by the 

dental technique in plaster moulds, comments can only be made on 

the compatibility of polymer pairs and whether or not it is 

feasible to treat the system as an IPN. The random nature 

of the inhomogenuity inherent in the process precludes any 

theoretical interpretation of results, which is difficult 

even in homogeneous IPNb prepared under ideal conditions. 

3.1.2 The Autoradiogra2hic_Stud)r of Dental Polymers Produced 

by the Dough Technique. 

To supplement the viscoelastic data and help elucidate the 

previously described topographic evidence; an autoradiographic 

study of the structure of denture base acrylic was undertaken. 

Autoradiography makes it possible to distinguish between the two 

polymers present in dental acrylic, for by 'labelling' the monomer 

liquid with tritium 
OH) it is not only possible to detect its 1 

presence in the cured specimen, but also assess its concentratinn 

at any given point. 
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3.1.3. The Evalution of the Autoradio2raphic TechnicMea 

It could be said that when Henri Becquerel in 1896 discovered 

that uranyl sulphate crystals would fog photographic plates auto- 

radiography was borng (H. Becquerel, 1896). However, the phenomenon 

at the time was looked on as a novelty and remained so until 

Lacassagne in 1924 began to apply this response of photographic 

emulsions to ionising radiations to the study of polonium in 

biological specimensp (Lacassage, A. et alt 1924; 1925). 

It was not until the revolutionary advances in physics during 

and after the Second World War that a new impetus was brought to 

autoradiographY. A demand was created for good nuclear emulsions 

and much was found out about the physics of latent image formation, 

and the interpretation of tradcs, (Powell, C. F. 1947). 

in 1940 work on the distribution of iodine in the thyroid gland 

was carried outp but still using the method of placing the active 

specimen against a lantern slide, (Hamilton, J. G. f et al 1940). 

To achieve greater resolution Belanger and Leblond removed the 

emulsion from the slides and painted the specimen with emulsion 

whilst the emulsion was molten, (Belanger, L. F,, Leblond, C. P. 

1946). Finallyp in 1955, a method of dipping slides into nuclear 

emulsion was describedý a method widely used today, (Joftesq D. L. 

et al 1955). 
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3.1.4, Recording the Passage of Particles Through a 

Photographic Emulsion. 

particles are electrons of nuclear origin having the same 

charge and mass as electrons found in atomic orbitals. 0 particles 

do not have a discreet energy, but 0s from a particular isotope 

exhibit a spectrum of energies varying from a maximum E 
Max , 

which 

is a constant for the given isotopep down to zero, see figure (3.1). 

The E 
max 

of emitters varies frCIM ISKeV for tritium up to as much 

as 3MeV. 

When a particle passes through a nuclear emulsion it interacts 

with the atoms it passes through and around. The 0 particle may 

collide with an orbital electron; this can result in the electron 

leaving its orbital. The subsequent behaviour of the free electron 

depends on the amount of energy imparted to it by the P-ray. Highly 

excited electrons may form 6-rays whereas lower energy electrons 

enter the conductivity band and travel through the crystal lattice 

until it is captured by a lattice defect. in the case of a photo- 

graphic emulsiontheory predicts that an electron leaving a bromide 

ion is trapped at a silver ion which becomes converted to a silver 

atom. This silver defect upon development of the emulsion catalyzes 

the reduction Of the remaining bromine and bromide ions are washed 

away. 

The catalysis described is not a certainty and often more than 

one activated crystal defect is required to bring about total 

reduction Of the crystal. The activated crystal defects may also 

catalyze adjacent crystals or may revert to silver ions before 
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FIGURE 3.1. 
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3 
The enery spectrum of P rays emitted by IH 

(Rogersq A. W. 9 

1967). 
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development. Methods of preventing this are discussed later. 

Energy may also be transferred to the crystals by P-particle/ 

nucleus interactions. The P particle is first attracted to the 

nucleus and then deflectedq this has a great breaking effect on the 

0 particle and results in a large energy transfer. This energy is 

released by the excited atom as x-rays,, (Brehm-Strahlung). 

The rate of energy loss is slow in comparison with a rays 

and tracks are long and often tortuous compared with the short 

straight tracks of a-particles. The range of the 0 particle depends 

on its initial energy and the electronic and nuclear density of the 

absorber. However, considering the tortuous nature of P tracks the 

track radius is a better parameter than track length when discussing 

autoradiography. 

An empirical relationship has been derivedg for P's having an 

E of 40OKeV, which relates the mean track length, mean number of max 

grains per track and the mean track radius to the E 
max , 

(Leviv H. 

et alo, 1963). 

Log L=1,59 log E-1.51 

Log = 1.19 log E-0.74 

Log i=0,816 log'E - 0.042 

where 
'E 

= average track length Om) 

G mean number of grains per track 

EE 
max 

for a given isotope (KeV) 

radius of a sphere centred on the origin of 

particles containing every grain OLm) 
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The low rate of energy loss may cause longer tradc lengths, how- 

ever, since the energy imparted to each crystal is less the developed 

silver grains will be smaller. Hence, 0 tracks are fainter than a 

trarJcs, being formed of well spaced grains of various sizes depending 

on the dissipative process involved in producing the original latent 

image. 

The rate of energy loss frcm a fast P, say > 500 KeV is xuch 

slower than that of a soft 0. At the end of a 500 KOV tradc when 

the 0 particle is nearing thermal energy the rate of loss of energy 

is eight times the initial rate, (Rogers, A. W., 1967). 

3.1.5. Factors to be Considered When Applyinq Autoradiography 

to a Study of Dental Acrylics 

(i) Choice of Labelling Isotopes. 

The molecule to be labelled is methyl methacrylate. Hence,, the 

atcms capable of being replaced by isotopes are carbong hydrogen and 

oxygen. Radioactiveisotopes of oxygen are rare, expensive and have 

very short half lives* Howeverg radioactive isotopes of carbon 

and hydrogen are abundant and relatively cheap. Also both 
14 

C and 

3 H-labelled methyl methacrylates are available commercially, 

High energy P-rays will travel further through the emulsion than 

soft p-rays. It was shown in section 3.1.4. that track radius is 

related to P-particle energy, hence the higher the energy of the source 

the more diffuse is the grain pattern associated with it. The E 
max 

values for 
3H 

and 
14 C are 18.8 KeV and 15S KeV respectivelyp 16 
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therefore it would be expected that 3H 
would have the better 

I 

resolution. This is found to be so and Rogers quotes resolutions 

of 0.5 - 1.0 ýL and 2-54 for 
3H 

and 
14 C respectively. 16 

The efficiency of autoradiography of a system is taken as the 

number of silver grains produced in an emulsion compared with the 

number of ionised particles entering it. The softer the 0 produced 

the greater the possibility that the particle will be self absorbed. 

Howeverv once in the emulsion its rate of energy loss is higher 

than high energy O's. Therefore their ability to produce sensitised 

crystals along their tradc is higher. It is knownthat 0 particles 

between 20 - 75 KeV produce on average one developed grain per micron 

of tradcq but between 250 - 300 KeV this figure beccmes one grain per 

2 microns. (Leviq H., et al 1963). Therefore, for the best resolution 

and efficiency the soft PIs emitted by 3 
are preferred to the 

harder P's of 
14 C. 6 

(ii) Choice of Technique. 

The specimen used must be as thin as possible for Nadler has 

shown that increasing the thidcness of specimen increases resolutiont 

i. e, an increase in specimen thidmess from 2-5 IL increases 

resolution frM 5-6 ji. (Nadler, N. J., 1951). No significant 

improvements in counting efficiency are gained by having thidc 
3H 
I 

sources,, because the soft P's are too easily self absorbedv (Falk, 

G. J., et al 1963). 

The close contact of source and emulsion is essential and has 

been shown to be a great influence on the resolution, (Doniach, I., 

et al 9 1950; Nadler, N, J, v 1951; Stevens, G. W*W., 1950). It has 
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been shown that a separation of 0.1 IL between source and emulsion 

of a given system had a resolution of 3 )L, however, increasing the 

separation to 3 IL increased the resolution to 17 ji. This effect is 

of interest whenp in order to prevent chemography, the source is 

coated with an impermeable membrane. 

The thidmess of the emulsion has little effect on tritium 

autoradiographs for the path length of tritium P's in nuclear 

emulsion is only 3 ji. An improvement in efficiency is best achieved 

by using the finest grain emulsion available. If long exposures are 

not necessary, highly sesitive emulsions can be used to improve 

efficiency. Howeverp long exposure can lead to high background 

counts. Long exposures are best avoided as resolution and efficiency 

are poorer because of the higher probability of "double-hits" and 

latent image fading. 

Therefore it can be concluded that the best system to use 

would be tritiated methyl methacrylate. Also the specimens should 

be no more than 14 thickp and the finest grain emulsion available 

should be used (Ilford, W. Dipping the specimens in liquid 

emulsion will reduce the separation between source and emulsion and use of 

the most active commercially available solution of T-methyj methacrylate 

will reduce exposure time to a minimum. 

(iii) chemography, Background and Other Artifacts. 

The chemical reaction of source and emulsion is always a 

possibility. This is known as chemography and may be positive 

or negative, i. e. latent images may be either de-sensitised or 
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created. Chemography may be reduced in two ways. The source may 

be covered in an unreactive impermeable thin film. However, as 

mentioned in section 3.1.5. this will increase the separation of 

the source and the emulsion with a subsequent loss of resolutiont 

and in the case of tritiums soft O's there will be a loss of efficiency 

due to absorption* Chemography may be reduced by exposing the 

source at -300C. At this temperature chemical reaction is very 

slow and the rate of 0 emission is unaffected by temperature. 

However, there is a loss of efficiency and longer exposures are 

needed, thus background is often higher than normal. 

A proportion of the silver grains will be caused by background 

radiation. Hence it is essential to store the exposed autoradiographs 

and unused emulsion away fr(n sources of light of ionising radiations. 

Rogers suggests that inherent background be removed by placing the 

freshly mounted slides over filter paper soaked in a strong solution 

of hydrogen peroxide. In this way all images forming the final 

autoradiograph will have been produced during the period when the 

emulsion was in position over the source. Pressure can cause sensi- 

tisation of the emulsion and therefore excessive shrinkage of the 

emulsion upon drying also contact between autoradiographs and other 

objects is to be avoided. The emulsion, once exposed, should be kept 

cool and dry to reduce latent image fading. 
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ý. 2. Experimental. 

3.2.1. Viscoelastic Study 

The viscoelastic: behaviour of specimens having a bead phase of 

high T9 and an interstitial phase of low T9 were studied. In this 

way it was hoped to show that the bead phase was capable of trans- 

mitting stress. Poly (ethyl methacrylate)* was used for the bead 

phase and nonyl methacrylate for the interstitial phase. A specimen 

was prepared using ethyl acrylate as the interstitial phase, however, 

the subsequent viscoelastic behaviour left doubts about how much ethyl 

acrylate had evaporated from the plaster mould during cure. 

The viscoelastic behaviour of sPecimens made by gelling ethyl 

methacrylate with poly (ethyl methacrylate), n-butyl methacrylate 

with poly (ethyl methacrylate), methyl methacrylate with poly (ethyl 

methacrylate) and methyl methacrylate with poly (methyl methacrylate)+ 

was studied and contrasted with that of hcmogeneous poly (metkWl 

methacrylate). 

The poly (ethyl methacrylate)* was used as supplied by the 

manufacturer. The beads were sieved to -200 mesh and the M of the 
v 

polymer was 2002000. The poly (methyl methacrylate)+ used had aR v 

of 1,0009000 and was sieved to -150 mesh, The monomers used to form 

the gels were used inhibited and as supplied by the manufacturert 

The fabrication of each specimen was as described in section 2.3.1. 

it was assumed that the slow rise in temperature would allow all 

monomers ample time to form good gels. The long cure time was thought 

*cMW 930. ADI Plasticsq Preston New Road,, Bladcpool. 

+Stellon. AD Co., Broadwidc Street, London. 

+Koch Light Colnbrook, Budcs. 
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adequate to allow even the slowest reacting monomers to react. 

The temperature dependence of the real part of the shear modulus 

(G was determined for each of the specimens mentioned above, A 

torsional pendulum was used to determine GI over a range of temperatures 

from 20 - 1200C. The exact method used is described in appendix 

119 

3,2,, 2, Autoradiography 

(i) Preparation of Polymer Systems to be Studied. 

Dental acrylic is most camnonly poly (methyl methacrylate) beads 

gelled with methyl methacrylate monomer. Hence a specimen of the 

same system was prepared using tritium labelled methyl methacrylate. 

A similar mix was prepared using poly (ethyl methacrylate) beads. 

High impact denture base acrylic beads* were used to form a third 

system. 

The effect Of short gell-time on the structure of "cold cure" 

denture repair material was studied also. The clear unfilled beads 

used in a ccmmercial denture repair material were gelled and cured 

with active methyl methacrylate moncmer containing 2.5% dimethyl para 

toluidihe as an accelerator. 

The active methyl methacrylate liquid was prepared by diluting 

0,5o grams of (methyl-T)-methacrylate of activity 50 )Xi per gram to 

. 100 mis with pure methyl methacrylate. The resulting solution has an 

activity of 2.5 jLCi per gram. 
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The heat cured doughs were packed into Beem capsules set in 

dental stone in the lower half of a dental flask* The flask was 

closed and pressure applied to the doughs. Each flask contained two 

30 
specimens of each dough and was cured for 3ý-. - hours at 90 C. The 4 

Beam capsule was used to produce a specimen of a standard shape 

and size for cutting on a microtame. 

The cold curing dough was also packed in a Beem capsule and all- 

0 
owed to cure at 40 C in a hydroflask at 10 psi pressure. This was 

done to reduce the porosity so Often found in cold cured acrylic 

cured at atmospheric pressure. 

(ii) Preparation of Autoradiographs. 
&4 

The cured specimens were cut into sections V thidc using a 

Porter-Blum MT-1 manual microtome fitted with a plate glass knife. 

The cut sections were mounted on glass slides that had previously 

been "subbed" with gelatinsib This was done to aid wetting of the 

slides by the gelatine-based nuclear emulsion. 

The specimens were coated with nuclear emulsion by a dipping 

technique. Ilford L4 + nuclear emulsion was used. Prior to dipping 

the emulsion was diluted with water containing 1% glycerine plasticizer 

in the ratio I: 2 parts of water by volume. The diluted emulsion 

was thermostated at 42 - 45OC6 When the slides were dipped into the 

emulsion and then. drained, the film covering the specimen was j I. L 

thick, The setting of the eroulsion was accelerated by placing it on a 

metal plate at 00C,, The set emulsion was then dried at 700C and 50% 

*Impact denture base acrylic - KerrAcrylite Co, Rcmulus, Michigan,, U. S. A. 

+Ilford, 23 Roden Streetp Ilfordq Essex. 
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R. H. for one hour. The dry slides were then stored in a light--proo-Ar 

box in trays that ensured no contact between the emulsion and solid 

objects that might cause pressure artifacts. 

(iii). Determination of ELceosure Conditions. 

Several sections of each specimen were coated with nuclear 

emulsion as described above. One slide of each specimen was taken 

at intervals ranging from one week to three months and developed 

and the autoradiographs produced were studied. The result of this 

experiment was that after three months only a small number of silver 

grains were seen. The activity of the specimens was increased to 

2.5 IlCi per gram frcm the original 0.5 JlCi per gram and the 

repeated with the same end result. Theory predicted that after 

three months such an activity should make the autoradiograph bla w 

silver grains. Negative chemography was suspected since it was kno, -rn 

that the specimen contained both hydroquinone and benzoyl pero. -tiee. 

Hence the experiment was repeated using the higher activity monaner 

(2.5 ILCi/gram) and exposing the emulsion at -300c. After three 

months exposure reasonable autoradiographs were obtained. Hence 

subsequent specimens were exposed for three months and at -300C. 

(iv) Development of Autoradiographs. 

The autoradiographs were developed at 170C for five minutes usin-, 

*Kodak D19 developer diluted I+3. The autoradiographs were then 

rinsed in distilled water and fixed in Kodak Amfix for five minutes. 

They were then rinsed in tap water at -170C for ý-hour and then in 

distilled water for ten minutes. The autoradiographs were then 

allowed to dry and the specimens covered with a glass cover slip 

*Kodak Limited, Hemel Hea?; teadý Herts. 
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using Farrants aqueous mixture as an adhesive. The aqueous mixture was 

used because it was found that the xylene based Canada balsam swelled 

the specimens and caused a loss of the autoradiographs. 

(v) Measurement and Recording of the Autoradiographs. 

The autoradiographs were viewed using dark ground illumination. 

The microscope used, a Reichart, was fitted with a quartz iodide 

illuminator to give a high light output. Each autoradiograph was 

photographed using a Nikon Microflex AFT4 camera and Kodak pan-X film. 

White light was used for all the photographs. 

A Reichart microspectrophotometer was used to measure the grain 

densities. By setting the gate on the spectrophotometer to 900 M-9 

and using a green filter on the lightsDurce spurious readings due 

to reflected light from sources other than the autoradiograph were 

reduced. The specimen was scanned in straight lines in steps of 

0.5 ya the output voltage of the spectrophotometer being translated 

as fluctuations of I'monomer" concentration in the sample below. 
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3., 3. Results. 

3,3.1. Viscoelasticity. 

The temperature dependence of the real part of the shear modulus 

was taken as an indication of the glass transition behaviour of the 

systems studied. 

A plot of GI versus temperature is shown in figure (3.2). The 

torsional pendulum used gave no way of accurately controlling the 

frequency of oscillation of the specimen. Hence the frequency of 

oscillation of the specimen whilst passing through its T is given 9 

in table (3.1). The table also gives the corresponding frequencies 

of observation for the other systems? 

Figure (3.3) compares the temperature dependence of GI for 

specimens of homogeneous-p6ly(methyl methacrylate) (M 
v 

6,000,000), 

" poly (methyl methacrylate) poly (methyl methacrylate) system, and 

" poly (methyl methacrylate)poly (ethyl methacrylate) system. 

Figure (3.4) compares the temperature dependence of GI for 

specimens of a poly (ethyl methacrylate) poly (ethyl methacrylate) 

system and a poly (n-butyl methacrylate) poly (ethyl methacrylate) 

system. 

Where reference has been made above to polymer-systems consist- 

ing of more than one type Of polymer the -sample was made by gelling 

beads made of the second mentioned polymer with the moncmer of the 

first mentioned polymer. The gell was then polymerised as described 

previously. 
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FIGURE 3.2. 

The dependence of GI on temperature for a Poly (nonyl. methacrylate) 

/Poly (ethyl methacrylate) system. 
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A comparison of the dependence of GI on temperature of homogenous 

poly(methylmethacrylate), a poly(methyl methacrylate)/poly 

(methyl methacrylate) system and a poly(methyl methecrylate)/ 

poly(ethyl methacrylate) system. 
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FIGURE 3.4. 

A ccmparison of the dependence of GI on temperature of a poly 

(ethyl methacrylate)/poly(ethyl methacrylate) system and in 

poly(n-butyl methacrylate)/poly(ethyl methacrylate) system. 
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Table 3.1 

The 'mid-point' frequencies of the G1 
transitions of the aPxylic systems studied. 

Mid-point Period of 
System temperature. Oscillatinn. 

0C sec-1 

PMM/PMM 125 3.12 
PEM/PEM 75 7.5 
PNM/PEM 70 6.3 
Pn--BM/PEM 90 4.43 
PMM/PEM 110 3.6 
Homogeneous PMM 125 3.2 
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3.3.2 Autoradiography 

The results of the autoradiographic experiment are presented 

in two ways, U) photomicrographs of the silver crystals produced 

when viewed by incident light using dark ground illumination; 

(ii) plots of microdensitometer scans corrected for background. 

The long exposures required in photographing the autoradiographs 

mean that scme fine detail iS lost. Hence the photomicrographs 

give only an indication of large fluctuations. Fine detail is best 

interpreted by reference to the line scans of the microdensitomater. 

plates (3.1) and (3.2) show photcmicrographs of an autoradio- 

graph of a heat cured conventional denture base acrylic. The plates 

(3.3) and (3.4) are photomicrographs of the fracture surface of the 

same acrylic when fractured very slowly, and are intended for 

ccmparison with the features on the autoradiographs. 

The plots of the fluctuation of grain density across such 

vein-like features are shown in figures (3.5) and (3.6). 

The autoradiographs of a poly(methyl methacrylate) poly (ethyl 

methacrylate) system and conventional cold cured acrylic are shown 

in plates (3.5) and (3.6) and plates (3.7) and (3.8) respectively. 

The line scans of the poly(methyl methacrylate) poly (ethyl methacrylate) 

system are shown in figures (3.7) and (3.8) and those for cold 

cured acrylic in (3.9) and (3.10). 

The plates (3.9) and (3.10) show the autoradiographs of a high 

impact acrylic. A photcmicrograph of the fracture surface of such 

an acrylic is shown in plate (3.11) and it is intended to show 

the occurrence of hcmogeneous fracture. The microdensitcmeter 
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meter line scan of high impact denture base acrylic is shown in 

figure (3.11). 
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FIGURE 3. 

An autoradiograph of "heat cured" conventional denture base 

acrylic (x 560). 
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PLATE 3.3. 

The transition region of the fracture surface of "Stellon" when 
fractured slowly (x 560). 
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FIGURE 3.5. 

The plot of a microdensitometer line scan. The mV reading is 

corrected for badcground. 
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PLATE 3.2. 

An autoradiograph of "heat cured" conventional denture base 

acrylic: (x 560). 
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FIGURE 3.6. 

The plot of a microdensitometer line scan of an autoradiograph of 

conventional heat cured denture base acrylic. The mV reading 
is corrected for background. 
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PLATE 3.4. 

The transition region of the fracture surface of "_Stellon" when 

fractured slowly (x 560). 



. 106 

PLATE 3.5. 

An autoradiograph of a heat cured PMm/pEm system showing a single 

vein (mag. x 560). 

An autoradiograph of a heat cured PMM /PEM system showing a vein 

junction (mag. x 560). 
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A microdensitometer line scan across an isolated single vein on the 

autoradiograph of a PMM/PEK system. 

FIGURE 3.8. 

microdensitcmeter line scan across two veins in the autora&ograph 

of a pMM/PEK system* 

MM. 
FIGURE 3.7. 
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PLATE 3.7. 

An autoradiograph of "cold cured" denture base (mag. x 560). 

PLATE 3.8. 

An autoradiograph of "cold cured" denture base (mag. x 560). 
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FIGURE 3.7. 

A microdensitometer line scan across one bead-shape in the auto- 

radiograph of "cold cured" denture base material. 
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FIGURE 3.8. 

A microdensitometer line scan of an autoradiograph "cold cured" 

denture base material. A schematic representation of the auto- 

radiograph scanned is also given for comparison. 
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PLATE 3.9. 

An autoradiograph of high impact acrylic (mag. x 560). 

PLATE 3.10. 

An autoradiograph of high impact acrylic (mag. x 560). 
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FIGURE 3.11. 

A microdensitometer line scan of an autoradiograph of high impact 

acrYlil-- 

PLATE 3.11. 

A micrograph of the fracture surface of high impact acrylic (mag. 

560). 
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3.4. Discussion. 

3.4.1. Viscoelasticity. 

U) fitress Transmission Through the "Bead matrixti. 

The plot of G, versus tesperaturg for a Poly(nonyl methacrylate) 

/poly(ethyl methacrylate) system shows a clear transition at 700C. 

The T9 of poly(norryl methacrylate) is known to bexj -50 
OC 

wher*" 

the T9 of poly(ethyl methacrylate) is 650C (Shetter, J. A. 1963). 

It would seem likely therefore that the polymer passing through a 

glass/rubber transition at 700C is poly(ethyl methacrylate). 

It may be argued that the system is a filled Polymer and the 

transition is merely the filler becoming rUbbery.. However, the 

stiffness of the specimen between the T9 Is of poly(nonyl methacrylate) 

and poly(ethyl methacrylate) is very highp considering that the 

interstitial phase is a rubber. The high stiffness may be the direct 

result of the system being highly filled. 

This single experiment therefore is not conclusive proof of the 

existence ofany of the proposed models,, for though it can be seen 

that the bead phase has a great influence on the stiffness of the 

specimen,, no indication of how that influence is exerted is given. 

Howeverg the fact that the system gels prior to cure means that the 

beads are capable of transmitting stress before the moncmer phase 

polymerises. This fact combined with the observation that the 

system retains a high stiffness at temperatures above that of the 

T of the interstitial phase would suggest that the bead phase 9 
is capable of forming a matrix that can transmit stress, 
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(ii) The Possible Formation of Interpenetrating Polymer N(itw6rics. 

It is important to state that the systems described have been 

produced by a standardised dental laboratory technique; nothing 

has been done to deliberately produce IPN's. This discussion examines 

the viscoelastic evidence to support the view that IPN's are formed 

during the fabrication of conventional acrylics. 

Plots of the temperature dependence of GI for cured specimens 

of poly (n-butyl methacrylate)/poly(ethyl methacrylate). and poly 

(methyl methacrylate) formed by the dough technique show broad 

transitions. 

For the poly(n-butyl methacrylate)/poly(ethyl methacrylate) 

specimen the transition begins atPv'100C and finishes at-100 
0 C. 

The mechanical T9 Of Poly(n-butyl methacrylate) is 30 0C and that of 

poly(ethyl methacrylate) 800C (Rehberg, CoEo, et al 1948). The 

fact that there is only one transition over this range of temperatures 

is in agreement with the theory that the specimen consists of a 

distribution of IPN's of varying consistency. 

The temperature dependence of GI for the poly(methyl methacrylate) 

/poly(ethyl methacrylate) sYstem shows the same wide transitiOne In 

this case frcm--, 600C to ", 1200C. Once again this is the behaviour 

of a ccmpat: Lble IPN. 

It may be argued that low molecular weight product may be 

responsible for the broad transition. Howeverl the plots of 01 

versus T for specimens of poly(ethyl methacrylate)/poly(ethyl 

methacrylate) and poly(methyl methacrylate)/Poly(methyl methacrylate) 

systems produced by the same method show sharp transitions. 
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A further reason for the systems to be IPNIs arises when the 

method of production is considered. Published methods for the 

production of IPN Is bear a striking similarity to the technique used 

by the dental professionp (Kato, K., 1968; Matsuo, M., 1968). The 

only difference being the time factor. IPNIs produced by Kato, 

matsuo, Sperling and others place great emphasis on allowing time 

for the solution of the polymer in the moncmerv or at least the 

attainment of a state of equilibrated diffusion of monomer into the 

polymer. This subject is the basis of the next discussion section. 

it will be noted that only shapes of curves and not exact 

positions of transitions have been discussed. The reason for this 

lies with the apparatus. The transition sections of each specimen 

are each found at approximately constant frequency; however, this 

frequency is not the same for each specimen. It is realised that the 

teimperature and frequency are inter; x)sable using the WLF technique. 

Howevero the frequency range of the instrument is not wide enough to 

accurately determine the curve fitting constants required and hence 

it would be incorrect to adjust the transition temperature to 

correspond to a single standard frequency. However,, the table (3.1) 

gives the mid-points of the transition and the frequency of oscilliation 

of the specimen at that point. 



3.4.2. Autoradioqraphy 

(i) Poly(methyl methacrylate)/Poly(methyl methacrylate) System. 

The autoradiographs show bands of high grain density flanked by 

areas of seemingly uniform grain density. The possibility of the 

lines being artifacts was first considered. The fact that the lines 

were restricted to the emulsion directly above the specimen ruled 

out any possibility that they may be either pressure artifacts or 

caused by wrinkles in the gelatine. Entrapped air bubbles could 

also be ruled out since such an artifact would be also found away 

from the specimen. The only other alternative was creases in the 

specimen itself. This was ruled out by observing the specimens 

using transmitted light. Hence the lines were taken to be genuine. 

Detailed grain density measurements along lines at right angles 

to the high density lines revealed a trend in grain density not 

immediately apparent to the eye, (figures (3.5) and (3.6)). one 

feature ccmmon to all the low density areas is the existence of 

definite maxima. The rise and fall of grain density is continuous 

and there is not a constant distance between the maxima. In scme 

instances the heights of the maxima show a definite trend. The 

maxima furthest from the high density band are small and those 

nearest to the band are large,, fig. (3.6). This distribution of 

maxima heights is often found in autoradiographs showing only one 

band. 

In sections where two bands converge the maxima between the 

bands are of approximately the same height, fig. (3.5). The 

relative grain densities of the maxima and the high density bands 

are, on the whole, lower. 
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The high grain density bands indicate bands of interstitial 

polymer. It is thought that these bands are a result of the fabri- 

cation method used* Prior to cure the dough is packed into the 

plaster mould and the excess dough exuded from the mould by closing 

the dental flask using a presse Hence the dough is compressed, 

This compression produces more efficient packing of the beads and the 

excess viscous liquid makes its way to the surface by way of lines 

of weakness in the packed bead matrix. Some viscous liquid remains 

and occupies the interstices. Once mechanical equilibrium has been 

reached the dough consists of a closely packed, partially swollen 

bead structure through which run veins of viscous monomer/polymer 

solution. The solution of polymer in moncme; and diffusion of monomer 

into the polymer continue as before the packing of the dough. How- 

ever, now the diffusion of monomer will be from the veins and from 

the small volumes of interstitial polymer. 

As the temperature of the flask begins to rise so the rate of 

diffusion increases until eventually polymerisation of the monomer 

begins and the diffusion ceases, The increase in nmucimas as the 

high grain densityq or veing region is neared indicates that diffusion 

has taken place frcm the veins. Howeverg where two veins are close 

together their diffusion fronts will overlap each other and hence bring 

about a levelling of the maxima and a noticeable reduction in the 

ratio of the concentration of moncmer in the veins when ccooftW to 

th&t in the maxima or interstices. 
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The existence of such veins can be confirmed by a study of 

fracture surface topographyl for the veins should contain a high 

proportion of low molecular weight branched polymer. Therefore the 

veins would be expected to require less energy to fracture them, 

A slow crack travelling through such a system as described above 

would be expected to produce a transition region that would be feature- 

less except for lines of small hyperbolae in the shape of the veins. 

This was found to be so and plates (3.4) and (3.3) show a vein 

fractureq and a vein junction fracture respectively. 

(ii) Poly(methyl methacrylate)/Poly(ethyl methacrylate) System 

The autoradiographs of poly(ethyl methacrylate) also show veins; 

howeverp the microdensitometer scans show less distinct maxima. This 

is attributable to the fact that the poly(ethyl methacrylate) is of a 

much lower i. (i. e. 2OOtOOO), than the poly(methyl methacrylate) v 

1,000,000)9 also the bead size of the former was smallere It 
v 

is not surprising therefore that a greater degree of solution and 

diffusion of monomer has taken place. 

The vein pattern in the poly(methyl methacrylate)/poly(ethYl 

methacrylate) autoradiograph serves as further proof that the high 

grain density lines are not artifacts. Also it may be deduced that 

the presence of a vein structure is indicative of systems where the 

beads do not dissolve prior to ccmpression in the dental flask. 

Further weight is given to this view when the autoradiographs of 

Cold Cure and High Impact acrylic are studied. 
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(iii) "Cold Cured" Poly(methyl methacrylate)/Poly(me2X1 methacrylate) 

Systems. 

The autoradiographs of the active cold cured acrylic show 

definite bead shapes and no distinguishable veins (N. B. not packed 

in a flask when cured). The microdensitometer scans confirm the 

bead shapes and show a continuous reduction of activity as the bead 

is scanned frcm the perimeter to the centre (figures (3.9) and (3.10). 

The continuous reduction of activity indicates the degree of 

diffusion that has taken place in the short time that the dough has 

been allowed to form,, for no more than 20 minutes would be allowed 

from the first contact of liquid and powder and complete cure. Bearing 

in mind the diffusion of monomer that has taken place in such a small 

time it is easy to see why diffusion and solution is so great in 

heat cured acrylics where 7 hours gelling time is allowed. 

It has been stated that the cold cure acrylic was not compressed 

before cure. Hence the large interstitial areas (Plate (3.7)) are 

interesting when compared with the so called interstitial areas of 

heat cured acrylic. For in heat cured acrylic the interstitial areas 

are much smaller, the highest concentrations of interstitial polymer 

being in the form of veins. This is further reason to believe that 

the veins are caused by compressing the dough when packing the flasko 

(iv) poly(methyl methacrylate)/High-Impact Polymer Bead Systemp 

The high impact acrylic gave autoradiographs of uniform high 

grain density (Plates Oo9) and (3.10)). The microdensitcmeter 

revealed a random undulating variation in grain density (figure 

3.11). It is likely therefore that the beads had dissolved in the 
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moncmer to a very high degree prior to packing. 

This view is supported by other observations. For the fracture 

surface topography shows complete homogenuity even at high crack 

growth rates (Plate (3.11)). The dough is very fast gelling and 

requires cooling if a reasonable work time and minimal entrapment 

of air upon mixing is required. 

Finally, if the solution of the beads in monomer are observed 

at rocm, temperatureq the beads at first wrinkle and after only a few 

minutes "explode" spilling out a swollen polymer gel., 

It would seem reasonable to assume that the resulting cured 

system is a true interpenetrating polymer network. Reasons for 

assuming this lie in the greatly enhanced strength of the acrylic 

produced. If the elastomeric beads did not dissolve, but instead 

formed a bead phase of low Young's modulus the result would be a 

weakened denture base acrylic. However, the resulting system has 

a high impact strength, a characteristic of IPN's of elastomers 

containing a high concentration of compatible stiff polymer. 



3.5. Conclusions. 

It is reasonable to assume that the structure of denture base 

acrylic is more sophisticated than the model proposed at the end of 

chapter 2. However, the basic ideas that there is stress concentration 

in the stiffer phase and that the matching of phase stiffnesses is 

important are still valid. 

The viscoelastic and autoradiographic studies show denture base 

acrylic to be made up of interpenetrating polymer networks. The 

interpenetrating polymers being poly(methyl methacrylate)v and a 

copolymer of low molecular weight branched poly(methyl methacrylate) 

and poly(ethylene glycol dimethacrylate). The structure consists 

of a "bead shaped" phase of IPN of high linear poly(methyl methacrylate) 

concentration with the interstitial phase made of IPN rich in the 

copolymer. There are no clear cut phase boundaries, but instead 

a gentle concentration gradient. 

The compression of the dough on packing reduced the size of the 

interstices by forcing the swollen beads to pack more efficiently- 

This leads to channels forming in the bead matrix to vent the excess 

interstitial polymer/monomer solution. Upon polymerisaticn these 

channels form veins of IPN rich in the copolymer which have been shown 

by fracture surface topography to be lines of weakness., The outcrop 

of such veins on the surface of the acrylic will cause stress 

localisation and premature failure of the specimen as described in 

chapter 2. 
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It would seem that a matching of the stiffnesses of the two 

polymers present and an improvement of the strength of the copolymer 

will enhance the strength characteristics of conventional denture 

base acrylic. 

The cold cured dental acrylic has been shown to consist of 

two definite phases. The degree of diffusion of monomer into the 

polymer beads can be seen to be high even in the short time allowed, 

The relative weakness of cold cure acrylic is understandable when 

the speed of polymerisation and subsequent low molecular weight of 

the interstitial phase is considered. Further work on producing 

strong cold cure acrylics may involve a study of enhancement in 

strength gained by achieving complete solution of the beads prior to 

polymerisation as in the case of high impact denture base acrylics. 

It may be concluded that high impact acrylics produced by the dough 

technique owe their strength to the complete solution of the bead phase 

in the monomer. In this way phase stiffnesses become irrelevant since 

the phase separation is on a greatly reduced scale. 
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CHAPTER 4. 

A STUDY OF SOME POSSIBLE METHODS OF IMPROVING 

THE STRENGTH OF CONVENTIONAL DENTURE BASE ACRYLIC. 
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1, Introduction. 

Bulk polymerised poly(methyl methacrylate) has been found to be 

superior to denture base acrylic in all its physical properties. 

This superiority is attributed to the inhcmogenuity present in denture 

base acrylicq and the experimental evidence to support this hypothesis 

is given in the two previous chapters. If an improvement in the 

strength of denture base acrylic is to be achieved the phase 

inhcmogenuity must be made either non-existent or insignificant. 

It has been shown that the molecular weight of the acrylic beads 

is about one million,, and that of 'Terspex" is six milliong thus the 

tensile properties of the two should not be significantly differentt 

(Berryq J, P. 1964), It is therefore argued that if the monomer poly- 

11kerised in and around the beads were of the same molecular weightq 

knowing that there is diffusion of monomer into the beads, a polymer 

that was nearing homogenuity would be produced. Hence an increase 

in molecular weight of the second polymerised phase is essential 

if an improvement in the strength properties of the whole is to be 

achieved. 

Factors Affecting the Molecular Weight of the Second 

Polymerised Phase. 

The conditions created inside a dental flank are not ideal for 

the production of high molecular weight polymer, The major problem 

is water (see section 1.109 this inhibits the growth of the polymer 

by means of radical scavengers. The water is present in the dental 
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plaster and even if the mould is Un-foiled some water vapour will 

enter the curing mass. The mormer is sold containing inhibitor, 

thus until all the inhibitor has been used up only very low 

molecular weight polymer will be produced. The monomer is never 

distilled before use and is often not refrigerated during storageq 

hence low molecular weight species will be present even before 

the dough is mixede 

The polymer beads contain a large excess of Benzoyl peroxide, 

thus when the breakdown twiperature of Benzoyl peroxide is reached 

the result is an avalanche of radicals, the result being many growing 

chains produced at one time. This leads to a high probability of 

termination by mutual annihilationg and once again the product is a 

low molecular weight branched polymer. 

All these factors are inherent in the standard dental laboratory 

techniques and simply changing the technique would eliminate them* 

This is experimentally simpleg but the results would have little 

relevance to either dental manufacturers or dental technicians* 

Hencev the technique remained uncham9ed,, and scme Improvement was 

sought by chentical means. 

4.1.2. Possible Methods of Mmorcryament, 

The addition of cross-lirAting agent to d*ntal acrylic has been 

fcWnd by some workers to improve the tensile strength and Surf&ce 

hardness of dental acrylic (Wolff, E. m.,, 1962, Mashura, E., 1957). 

These investigations considered the detrimental effects of adding 
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large amounts of cross-linking agent (^-, f3Q%) and do not consider the 

slight increase in tensile strength when going from 0-25% significant. 

However, it was decided to investigate this rise in tensile strength 

in greater detailq with the intention of finding the optimum cross- 

linking agent concentration. 

The influence of molecular weight on tensile strength has been 

found to be small for polymers whose molecular weight was > 5009000 

(Berryq J. P. 1964). However, it was found that the low molecular 

weight fraction of the polymer had an influence when the low molecular 

weight fraction was large. Since this is a distinct possibility 

with dental acrylicq a method of reducing this fraction was sought. 

The high rate of polymerisation of methacrylic acid is well known, 

and for this reason it is often included in polymerisation mixes 

requiring a boost to reaction rate during the early stages. It was 

hoped that such a boost would be given to the polymerisation in this 

application and so the influence of methacrylic: acid content of the 

monomer liquid on the tensile properties was also investigated. 

In this way the chains would grow further before being teXminatedi 

because though the rate of polymerisation had been increased nothing 

had been done to increase the rate of termination, The result should 

be an increase in the molecular weight of the first polymer chains 

and a reduction of the low molecular weight fraction, 
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4.2. Experimental. 

4.2.1. Materials. 

The improved acrylic denture base was to be fabricated in the 

same way as conventional acrylic. The constituents were to be one 

liquid mixed with one powder to form a dough. 

The polymer powder used was commercially available+ and consisted 

of methyl methacrylate suspension polymerised into beads of between 

50 - 500 )Lm diameter. The polymer beads were clear and unpigmented 

and of a molecular weight of 1#000,000. It was not thought necessary 

to change this component of the mix in view of the information already 

stated concerning the dependence of tensile strength on molecular 

weight and the penetration of monomer into just such a polymer. 

The monomers used in each of the mixes were used without first 

removing the inhibitor, as this is never done in dental laboratories. 

Commercial grade methyl. methacrylate was used which was inhibi- 

ted with 100 ppm. of hydroquinone. The methacrylic acid was also 

comerciall, and inhibited with 0-01% hydroquinane. The cross-linking 

agent used was ethylene glycol dimethacrylate; this was because of 

its ccx, ist ercial availability and it is the cross linking agent already 

used in dental acrylics. Allyl methacrylate was also investigated 

as a cross-linking agentp with a hope that the difference in reactivity 

of its two reactive groups might prove fortuitous. 

'Stellon' AqD. 
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4,2,, 2, An Experiment to Investiqate the Effect of Removing 

Inhibitor on the Strength of a Cured Acrylic Dou , 

Ccmmercial methyl methacrylate was shaken several times in a 

separating funnel with 10% sodium hydroxide solution. The methyl 

methacrylate when separated was washed once with water and separated 

again. The morxxner was then placed in a blackened flask and dried 

for one week using anhydrous sodium sulphate as the dessicant. The 

dessication was carried out in a refrigerator to prevent premature 

polymerisation, The monomer was then filtered and stored in a brown 

bottle. 

The monomer was then used to make a dough with the polymer 

beads described above and cast into a plate 1/411 x 611 x 611 in a 

plaster mould. The heating cycle and subsequent polishing of the 

plate has been described previously (sectica 2.8). The inhibited 

moncmer was used to make another plate by the same method. Each plate 

was marked and cut into strips. Each strip was machined into a 

dumbell shape and its tensile strength determined as described in 

Appendix I. 

4.2.3. The Assessment Of EM)erimental Denture Base-Acryli 

The properties desirable cýf a denture base material have been 

discussed previously. In assessing the suitability of a particular 

sample of experimental denture base five parameters were meavured; 

the strength of the specimen in flexure$ the stiffness of the 

specimeng the impact strengtht the equilibrium water uptake and finally 
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the water soluble fraction. 

(i) The Strength of the Specimen in Tension, and its Stiffness. 

The strength of a material in tension may be measured in 

several ways; straight pullp cantilever, or three point loading. 

The straight pull method requires a fairly large sampleg since it 

must be gripped in the testing instrument. Furthermore, a dumbell shape 

should be used to ensure homogeneous stress in the test portion. 

The sample must have a good and reproducible surface finish. Finallyq 

because of the spread of results it is desirable to take at least 

five samples. This involves the lengthy procedure described in section 

2.8p and because of slip in the jaws of the grips the calculation 

of Young's modulus from the stress/strain curve is not as accurate. 

The three point testing method was a possibility, howevert no 

accurate machine was available. 

A cantilever test produces a distribution of strains through 

tensile to compressive through the depth of the specimen and along 

its length. Hence the calculated tensile-strength will differ from 

the straight-pull method; furthermore the calculations depend upon 

the validity of small strain theory and linearity, neither of which 

can always be guaranteed. However, the cantilever method was the 

one adopted since it gave a reproducible value for Young's modulus 

which could be compared with values of other specimens obtained by 

the same method, The flexural strength values-for the same specimen 

were not scatteredq thus giving a distinct advantage over the straight 

pull method. The sample size was small and surface finish was easier 

to reproduce. A detailed description of the cantilever method is 
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given in Appendix ly and each formulation was subjected to this 

test. 

(ii) Impact Test. 

The impact test was carried out using a round sample and is 

described in detail in Appendix 

(iii) Water Absorption. 

A sample of each formulation was taken, the specimen used being 

a broken flexural strength specimen. Each specimen was identified 

by a formulation number scratched into its surface. The specimens 

were weighed dry and then placed in distilled water at 37.40C for 

two months. They were then remove(%qindividually blotted with filter 

paper and weighed. The specimens were then placed in an oven at 

37.40C for two months and then weighed again. 

The three tests described above were carried out on specimens 

of each formulation. 

4.2.4. Preparation of Monomer Liquid. 

The liquid for each formulation was made up in a 25 ml graduated 

flask; when the liquid was well mixed half was put in one bottle and 

half in another and the bottles were labelled with the number of 

the formulation. The bottles were kept separate and one bottle was 

used to make a flat plate for flexural strength and water absorption 

measurements. The bottles reserved for impact specimens were shuffled 

and taken at random and so were the others. In this way specimens 

cured on the same night would not necessarily be of the same 



129 

formulation. Therefore an unexpected result could be checked with 

the properties of the same formulation cured on a different night, 

if this were not so, a good result in both specimens of one formulation 

cured on the same night could be attributed to purely fortuitous 

experimental circumstances. 

Formulations tested: 

"Stellon" was tested and taken as the commercial standard, 

Unpigmented "Stellon" powder was used as the basis of each Mix. 

Pure methyl methacrylate was used as the liquid component for 

one mix. The remaining mixes are quoted as percentages of methacrylic 

acid and cross-linking agent, the remainder is methyl methacrylate. 

The groups of mixes used in the preliminary investigation were: 

(a) methacrylate acid content frcm 5 to 20% 

(b) ethylene glycol dimethacrylate content frCm 5 to 30% 

(c) allyl methacrylic content from 5 to 29% 

(d) adding 10% methacrylic acid and varying allyl methacrylate 

content frcm 10 to 20% 

(e) adding '10% methacrylic acid and varying ethylene glycol 

dimethacrylate content from *10 to 20% 

(f) adding 15% ethylene glycol dimethacrylate and varying meth- 

acrylic acid frCm 5 to 29%. 

on assessment of these multifunctional experiments it became 

obvious that mixes having a high methacrylic acid content were of no 

practical significance, because of porosity and high water uptakes, 

Methacrylic acid contents of about 5% were found to be of more interest 
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and a new series of experiments of a more specific nature developed: 

(a) adding 15% ethylene glycol dimethacrylate and varying 

methacrylic acid content between 0.5 and 7%. 

(b) adding 5% methacrylic acid and varying ethylene glycol 

content between 15 and 50% 

(c) adding 2.5% methacrylic acid and varying ethylene glycol 

content between 5 and 30%. 

(d) adding 6% methacrylic acid and varying ethylene glycol 

content between 15 and 40%. 

(e) adding 1*75% methacrylic acid and varying ethylene glycol 

content between 10 and 30%. 
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4,. 3. Results. 

The equilibrium water up-akes of a series of acrylics are 

shown in figure (4.1). The crc)ss-linking concentration was 15% in 

each specimen and the methacrylic acid content was increased from 

-1 - 20%. The percentage weight loss of the same specimens over a 

period of two months in water at 37.4 0C is shown in figure (4.2). 

The influence of methacryiic acid content on impact strength, 

flexural strength and energy recýuired to fracture is shown in figures 

(4.3)v (4.4) and (4.5) respectively. In each case the moncmer liquid 

contained 15% v. v. of ethylene clycol dimethacrylate. 

The way in which flexural strength and fracture energy are 

influenced by the cross-lirking agent concentration of the monomer 

liquid is shown in figures (4.6) and (4.8). Each curve is for a 

series of monomer liquids of fixed methacrylic acid content. Figure 

(4.6) shows the dependence of flexural strength on cross-linking 

agent concentration for methacrylic acid concentrations of 0,1.75 

and 2.5% and figure (4.7) for methacrylic acid concentrations of 5 

and 6%. Figure (4.8) shows the dependence of the function o2l on 
A 

cross-linking agent concentration for methacrylic acid concentrations 

of ol 1.75 and 5%. 

Table (4.1) compares the physical properties of various "optimum" 

mixes" and those of "Stellon". 

Table (4.2) ccmpares the strength of specimens frcm thO same 
6 

liquid but using polymer powders of different Mv; i. e. Ix 10 and 

6 
-1.5 x 10 
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The topographical data is presented as two series of plates.. 

Series -1 shows the 11hyperbola region" of specimens made from monomer 

liquid containing 5% methacrylic acid and from 0 to 30% ethylene 

glycol dimethacrylate. Series 2 is the corresponding series of 

fracture surfaces for polymers containing 2.9% methacrylic acid. 

The tensile strength of denture base acrylic made from monomer 

liquid containing no inhibitor was found to be higher than that made 
2 

with monomer containing inhibitor. The increase was from 552 Kg cm 
2 

for inhibited monomer to 586 Kg/cm . for denture base made with 

inhibitor-free monomer. This is an increase in strength of 6%* 

Howeverp in practice such a small increase in strength would not justify 

the cost in time and materials of removing the inhibitor. 
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TABLE 4.1. 

The dependence of the strength of denture base 

acrylic on the F of the polymer beads used. v 

Mv of Polymer Beads Mv of Polymer Beads 

1,000,000 195000000 

Composition of, %MAA 5 5 2.5 5 5 2.5 
Monomer liquidi 

%EGDM 20 25 20 20 25 20 

Tensile (Kg/cm 2) Strength 785 730 70,1 

Flexural 1.81 2.12 1.85 1.955 1.90 1.86 

-2 Strength (dynes. an 
9 

X10 
9 

X10 9 
X10 X109 

9 
)CIO 

9 
X10 

young's Mod. x 10 10 

dynes. CM- 
2 3.46 2,88 2.82 2.76 . 90 3.10 

Impact Strength Ft. Ibs. 

per inch of notch 0.0106 10.012 0.0106 0.0141 0.013, 0.016 
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A PLOT OF EQUILDRIUM H. 9 
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FIGURE 4,1. 
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A Plot of We ht Loss vs. 

12E§Decknens Inwater 
I at 37.44C 
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% MAA 

FIGURE 4.2. 
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FIGURE 4.3. 

The dependence of impact strength on methacrylic acid 

concentration of specimens containing 15% cross-linking agent. 
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I 

I 

FIGURE 4.4. 

The dependence of flexural strength on methacryljc, ý acid 

conc: entration of specimens containing 15% cross-linking agent. 
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FIGURE 4.5* 

The dependence of the function oý/M on methacr/&ic acid 

concentration of specimens containing 15% cross-linking agent. 
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FIGURE 4.6. 

The dependence of Flexural strength on cross-linking agent 

concentration for denture base acrylics having methacrylic 

acid contents of 0,1.75 and 2.5% respectively. 
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FIGURE 4.7. 

The dependence of flexural strength on cross-linking agent 

concentration for denture base acrylics having methacrylic. 

acid contents of 5 and 6% respectively. 
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FIGURE 4.8 

The dependence of Function a 2/2E on cross-linking 

agent concentration for denture base acrylics having 

methacrylic acid contents of 0,1.75 and 5.0% respectively. 
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Series of Plates 

The dependance of fracture surface tOPOgraPhY on X-linking 

agent concentration. The methacrylic acid concentration of 

the monomer is constant at 5%. 
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plate 4.1. #?. 5% MAA, 10% EGDM, Young's Modulus Of specimen 

3.1 x 10 
9 

dynes cm- 
2. (Mag. x 200). 

Of SpCC- 

3.32 x '10 
9 dynes cm -2 

. (Mag. x 200). 
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LDlate. 4.1.3.5% MAA, 15% EGDM, Young's Modulus of specimen 

- ), -) %, 10 9 dynt-F cm- 
2ý (Mlc, (- -., ý )00). 

plate 4.1JI. tA VIAA, i. 61)M, ZouLiy':. Modulus ý-7 -i - 

3.46 x 10 
9 

dynes cm -2 
. 

(Mag. x 200). 
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SMELT 

S...;.. 

plate 55'. KAA, 

-1 (-) 
9 

(Ivn, -, 
? (M: -1 :, - '). 1)0 ) 

tý1, te 4. iý,. -, ., --, -30'Y. 
EGDf, i, i'ý� (, 1��j, -ý, -� �� (-, i. ý 1) eý ý imen 3.4 

x 10 
9 

dynes cm- 
2. (Mag. x 200). 
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Series of Plates 4.2. 

The depen(2mce of fracture surface topography on X-linking 

agent concentration. The methacrylic acid concentration of 

the monaner is constant at 2.5%. 
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Plate 4.2.1.2.5% MAA, 5% EGDM, Young's Modulus of specimen 

31.8 x '10 
9 

dynes cm -2 
. (Mag. x 200). 

k, late 4.2.2.2.5% MAA, 10% EGDFI, Young's M(Aul tlýý ol sP(ý"Illl 1ý 

34.8 x 10 
9 

dynes cm -2 
. 

(Mag. x 200). 
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Elate 4.2.4.2.5% MAA, 20% EGDM, Young's Modulus of specimen 
92 

28.2 x 10 dynes cm- . (Mag. x 200). 

Plate 4.2.3.2-5ý6 MAA, ltý, % L61)M, Young's Modulus of spk2cimen 92 
28.2 x 10 dynes an- . (Mag. x 200). 



150 

30.1 x 10 
9 

dynes cm -2 
. (Mag. x 200). 

Plate 4.2.6.2.5% MAAq 30% EGDM, Young's Modulus of Specimen 

28.8 x 10 
9 

dynes cm -2 
. 

(Mag. x 200). 
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4.4. Discussion. 

4.4.1. The Effect of Adding Cross-Linking Aqent on the Strength 

of Denture Base Acrylic. 

The tensile and flexural strength data for specimens containing 

increasing amounts of cross-linking agent are in agreement with the 

work already published by Woulf and others. There were nocther 

peaks, other than the one already reported at 30% cross-linking agent 

concentration. The slow increase in strength up to a concentration 

of 30% and the rapid fall in strength thereafter was also in agree- 

ment with previously published data. 

All the cross-linking agents lowered the YoungIs modulus of the 

cured product. This is an indication of the inefficiency with which 

the cross-linking agent is polymerised, the plasticisation being 

brought about either by pendant unreacted acrylic groups or low 

molecular weight branches. 

It is well known that adding cross-linking agent to denture 

base acrylic improves such properties as hardness, resistance to 

permanent deformation and solvent crazing. However,, adding cross- 

linking agent alone has little effect on the strength of denture base 

acrylic in concentrations below 30%. 

The reasons for the slight increase in strength of the specimens 

as cross-lirking agent concentration is increased frcm 0- 30% may 

lie in the reducticn of the 'low molecular weight tail'. The cross- 

linking agent may act as a "second chance" for a chain to grow after 

being terminated in the early stages of the polymerisation. In this 

way an increase in molecular weight may be achieved. This would lead 
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to a slight improvement in strength of the interstitial polymer. 

A point will be reached when the addition of more cross-linking 

agent leads to appreciable cross-linking. This will in turn lower 

the strength of the interstitial polymer and lead to brittleness, 

hence the drop in strength beyond 30%. As more cross-linking agent 

is added more cross-links remain unreacted. This finally results in 

a plasticisation of the interstitial polymer and a levelling out of 

the strength cross-linking agent concentration plot, figure (4.6). 

The strength/cross-linking concentration plot has the same 

charateristics regardless of the cross-linking agent used and is 

observed for allyl methacrylateg ethylene glycol dimethacrylate, 

and the di, tri and tetra ethylene glycol homologues as well. 

4.4.2. The Effect of Varyinq the Methacrylic Acid Content 

of the Monomer Liquid. 

The monomer liquids used were three component mixtures. The 

cross-linking agent conce-ntration was kept constant at 15% and the 

remainder of the mix was pure methyl methacrylate and methacrylic 

acid. Preliminary experimentsv intended to show the approximate 

concentrations of each component required for a workable systemt 

had indicated that at the very least a cross-linking concentration 

of -15% was not detrimental to the strength of the resulting cured 

product. 
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The effect of the methacrylic acid content on the strength of 

the cured specimen is best indicated by the figures (4.4)9 (4.3) 

and (4.5), showing Flexural Strength,, Impact Strength and Energy 

required to fracture respectively. The energy required to fracture 

is derived from the values of Young's modulus and Flexural strength 

for each specimen. It is assumed that the deformation of the sample 

is lincar up to breakv i. e. that the sample is brittle. It can be 

seen from the experimental procedure that all steps were taken to 

satisfy this criterion as far as possible. The energy term was 

derived from the Young's modulus (E) and Flexural strength ((Y--) as 

follows: - 

Energy to fracture =ý2 dynes cm-2. 'FE 

The I energy I term gives the best indication of true strength improve- 

ment since it takes into account changes in Young's modulus. 

The preliminary experiments were over a range of methacrylic 

acid concentrations frcm 0- 30%. Howeverg beyond 10% methacrylic 

acid the samples show considerable porosity. For this reason the 

detailed study is confined to a range of only 0- 7% methacrylic 

acid. The incidence of porosity is to be expected when the exothermic 

nature of the polymerisation reaction is considered. Denture base 

acrylic containing no methacrylic acid can be made to exotherm to 

a temperature greater than the boiling point of methyl methacrylate 

(100.30C). It is not surprising therefore that the addition of 

methacrylic acid should raise the susceptibility of the acrylic 

to high exotherm. (The bulk polymerisation of pure methacrylic 

acid if not controlled is explosivel). Hence the porosity observed 
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was caused by the entrapment of bubbles of methyl methacrylate 

vapour in the interstices which remain as voids in the cured resin. 

The exotherm could be controlled, thus allowing a wider range of 

concentrations to be studied. However, this would involve a change 

in fabrication technique. 

it can be seen frcm the plots (4.3), (4.4) and (4.5) that in 

the range of 0- 7% methacrylic acid there are at least two definite 

peaks. These peaks are coincident for the three plots. More peaks 

may exist and have not been detected due to the lack of points on the 

curves. One other peak outside this range has been detectedy this was 

at 20% methacrylic acid, however, as mentioned above this specimen 

was porous. The peaks cannot be attributed to experimental error 

since they have been checked using fresh mixes of monomer. Also, 

the impact specimens were always cured on a different night to the 

corresponding plate specimens. 

The reason for such peaks in the strength plots possibly lies 

in the original reason for adding methacrylic acid to the mixes. 

This was to increase the initial rate of reaction and hence reduce 

the all important 'low molecular weight tail'. 

The dependence of reaction rate of a two component polymer system 

is given by the following relationships: 
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For two monomers A and B the rate constants for 

termination and propagation are denoted as ktAA 

and k 
pAA respectively. This gives seven predcmi- 

nant rate constants if the penultimate moiety is 

ignored, i. e. k 
pAA' 

kpBB ,k pAB v kpBAO ktAA, ktBB 

k tAB* 

It can be shown that: 

to 1% 12 
-d tAjRrA 

[A 
+ 

[A. ] CBJ 

dt 120 

r2 [A )2+20 
rAr -A BI +r36B [Bj) 

A 6A 
Bf)Ar3B 

cII 

and 

-d 
LBI Rr 15 

[B) 2+ [A j [B] 

dt 

(rA 2 [A ]2+20 rArB6, A6E3 [; 
2 -12 6A 

AICB]+ rB6 EýB 

where Ri= 2k tAA 
LA '1 2+ 

2k tBB 
Cý'3 

2+ 
2)c tA. B 

CA*I[B* ] 

rA k 
pAA rBk pBB 

k 
pAB 

k 
pBA 

6A= (2k 
tAA 613 = (2k 

tBB 

k 
pAA 

k 
PBB 

k tAB 

2(k 
tAA 

k 
tBB 

)l 

(North, A. M. 1966, Burnett, G. M. 1958). 
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It can be seen that the final equation is a quadratic and that 

it passes through a maximum at a given monomer concentration. The 

system studied is tertiary. This greatly complicates the equation, 

and it may be shown that the reaction rate is dependant on no less 

than 81 separate propagation rate constants. It would seem reasonable 

to assume that such a function would have more than one maximum. 

it has already been argued that increasing reaction rate would 

reduce the 'low molecular weight tail' and hence strengthen the 

interstitial polymer., Hencep if the reaction rate has maxima at §iven 

concentrations of methacrylic acid then ituould seem probable that the 

strength would also pass through maxima. 

The Youngts modulus of the interstitial phase is also important 

and it can be seen that the Younges modulus of the mixes is higher 

than that for a 0% methacrylic acid; 15% cross-linking agent mix. 

There is little fluctuation in increasing the methacrylic acid content 

from 0- 7% and is 2.9 1 0.2 x 10 10 dynes. clý-2 . The stiffness of 

Ix 10 
6 

linear poly methyl methacrylate of Mv found by the cantilever 

io 
method is about 2.9 x 10 , This means that there has been a matching 

of stiffness in the two phases which could lead to a general improve- 

ment in strength. This is found to be so for even the ndxdma of the 

plots are of ccmparable strength to "Stellon". The fluctuation in 

Young's modulus of the specimens does not justify the peaks however, 

The enhanced strength of the specimens would seem to stem frem 

two things. Firstly there is a general enhancement of strength due 

to a matching of the Younds modulii of the two phases. Secondly, 

an improvement in the strength of the interstitial polymer by the 
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reduction of the concentration of low molecular weight species 

produced. The latter being reduced by enhanced initial reaction 

rates at specific tertiary mixtures of monwers. 

The plot of methacrylic acid content of the interstitial phase 

against equilibrium water uptake at 37.4 0C has two minima at 1.75 

and 5.5% methacrylic acid. figure (4.1). The curve also rises sharply 

beyond 20% methacrylic acid. Therefore it is reasonable to suggest 

that there is a connection between the water absorption data and the 

strength data. The connection is most likely to be the molecular 

weight of the interstitial phases. This hypothesis is endorsed by 

the plot of material extracted versus methacrylic acid content curve 

which shows minima at 1.75,5.5 and 20% methacrylic acid. figure (4.2). 

Since it is likely that polymers having a large low molecular weight 

fraction would lose most weight when immersed in water the weight 

loss curve is in keeping with the view that the mixes having 1.75,, 

5.5 and 20% methacrylic acid have the smallest low molecular weight 

fractions. 

4.4.3. The Effect on the Strenqth of Denture Base Acrylic of Varying 

the Cross-linkinq Aqent Concentration of a Monomer Liquid 

Containinq Me2X1 Methacrylate amd Methacrylic Acid. 

In part I of this discussion it was found that an insignificant 

rise in strength of a specimen occurred in increasing the cross- 

linking agent from 0- 30%. This is true of mixes containing no 

methacrylic acid. However, it can be seen that if methacrylic acid 
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is present there is a very significant change in strength parameters 

when cross-linking agent concentration is varied frcm 0- 30%. The 

degree to which these variations occur can be seen to be some function 

of the methacrylic acid concentration of the mix. 

This dependance on methacrylic acid content follows the same 

trends as the strength parameters plotted in figures (4.3), (4.4) 

and (4.5). It is therefore possible that the enhanced rate of reaction 

is responsible for the increased influence of cross-linking agent 

concentration. 

At low concentrations of cross-linking agent the Young's 

to 2 
modulii of specimens are high, i. e. 3.7 x 10 dynes/cm. - 

. This 

would suggest that the interstitial polymer. is of a higher Youngos 

modulus than the bead matrix. When stress is applied to such a 

system the bead matrix will unload and the interstitial phase will be 

subjected to an overstress. It would seem likely that such a system 

would be very weak,, considering that the weaker phase is being 

overstressed. 

As the cross-linking agent concentration is increased there is 

a lowering of the Young's modulus of the whole system, a trend 

observed when cross-linking agent alone is added to an "acid-free,, 

monomer mix. A point is reached where the Young's modulii of the 

two p. hases are the same, this corresponds to the peak concentrations 

in figures (4.6) and (4.7). Much weight is Aven to this view when 

the Young's modulii of the specimens with the highest strength are 

compared, (table (4.2)). It can be seen that they are all 2.87 x 10 
10 

-2 dynes/cm. . The expected Young's modulus for poly(methyl methacrylate) 
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6 10 2 
of MvIx 10 is 2.9 x 10 dynes/cm. - 

. Allowing for the absorption 

on subsequent gellation of monomer in the beads during cure the 

Young's modulii of the two phases would seem to be matched. 

The addition of more cross-linking agent will upset this balance 

and also weaken the interstitial polymer. This is seen to be so for 

there is a rapid fall of strength once the peak has been passed. 

The topographic study of two series of denture base acrylics 

containing 2.5 and 5% methacrylic acid respectively strongly endorses 

the hypothesis expressed abovet (series of plates 4,1 and 4.2). The 

trend towards a fish-scale appearance of both series as cross-linking 

agent concentration increased is indicative of an increase in cross- 

linking, with a subsequent increase in brittleness. The loss of 

contrast between the two phases reaches its turning point at the mix 

having the highest strength. It is also interesting to note that the 

mix having the most homogeneous fracture surface also has phases of 

like stiffness. Stiffness matching alone cannot cause homogeneous 

fracture, the energy required to fracture each phase must also be 

matched. Hence the loss of contrast between phases is indicative of 

an increase in the energy required to fracture the interstitial phase. 

This is in complete agreement with the corresponding trends in 

strength and impact strength of the acrylics as cross-linking agent 

concentration was increased. 

The 115%11 series of fracture surfaces shows a distinct tendency 

towards homogeneous fracture, (series 4.1). However, the "2.5%" 

series does not show such a distinct trend (series 4.2). It might 

be concluded therefore that a series of mixes based on 5% methacrylic 
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acid would have the higher strengths; this is found to be so, (figures 4.7 

and 4.8). 

Since at the peak the YoungIs modulii of the two phases are 

matched, the strength of the specimen is dependent on the strength of 

the weakest phase. This will almost certainly be the interstitial 

phase for the reasons stated previously. Therefore the height of each 

peak will be dependent on the molecular weight of the interstitial 

polymer and its degree of cross-linking. This was found to be so. 

Specimens with the same degree of cross-linking but a faster initial 

reaction rate were stronger than those of slower initial reaction rate. 

Porosity is again a problem with the peak concentrations of those 

mixes containing 5-6% methacrylic acid. This would make any strong 

mix in this area undesirable because of the uncertainty involved in 

practical application. 
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UA Conclusions. 

It has been shown that the strength of conventional denture 

base acrylic can be improved without the need to change either the 

polymer beads or the fabrication technique. Improvement in strength 

of dental acrylics is possible by improving the molecular weight 

and structure of the polymer produced during cure of the moncmer/ 

polymer dough. 

Such an improvement in molecular weight has been shown to be 

possible by the addition of specific amounts of methacrylic acid to 

the monomer liquid. It has been shown that there are grounds for 

believing that certain tertiary mixtures of methacrylic acid, ethylene 

glycol dimethacrylate and methyl methacrylate have a higher rate of 

reaction than others. The cured polymers resulting frcm the poly- 

merisation of doughs made from such mixtures and poly(methyl methacrylate) 

beads have enhanced strength characteristics. 

It can also be said that matching the stiffness of the two phases 

present in denture base acrylics also enhances the strength of the 

structure as a whole forit ispostulated that the distribution of 

stress will be more even in systems having phases of matched stiffness. 

Weight is given to this argument by the fact that each of the optimum 

mixes when cured had the same Young's modulus and that this Young's 

modulus corresponded to the Ye. v=gls modulus of the bead phase* 

The combination of both high initial reaction rate and matched 

phase stiffness has led to the formulation of a denture base acrylic 

having a monomer liquid consisting of 1.75% methacrylic: acid; 20% 

ethylene glycol dimethacrylate; 78.25% methyl methacrylate whicht 
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when doughed with conventional poly(methyl methacrylate) beads of 

Mv1,000,000, yields a denture base having a flexural strength more 

than 90% greater than conventional denture base acrylic. 

The work described has concerned itself with conventional 

denture base acrylic. However, the same principles can be applied 

to producing stronger cold cure acrylics and radio-opaque acrylics. 

Methacrylic acid is already used in some cold cure acrylicsp however, 

a study of the effect of varying cross-linking agent and methacrylic 

concentrations might be expected to reveal results similar to those 

found for conventional acrylics. The inclusion of radio-opaque 

fillers into denture base material has been largely unsuccessful. 

The problems of achieving sufficient radio-opacity ccmbined with 

strength may be reduced by improving the molecular weight of the 

interstitial phase. The inclusion of an acid may also prove fortuitous 

when bonding between the radio-opaque barium salts and the polymer 

matrixis required. 

Impact resistant denture base acrylics are being used increasingly 

in dentistry today* It can be seen that in Cl-. apter 3 these acrylics 

were shown to be a solution of a rubbery polymer in a stiff polymer, 

e. g. poly(methyl methacrylate). It may be possible to improve the 

strength of the stiff polymer by applying the methods employed above. 

The suggested useful ways of applying the techniques used in this 

chapter to improve other polymers merely require that series of mixes 

of monomers of various combinations of methacrylic acid mid cross-linking 

agent be doughed and cured with several types of polymer bead and the 

products characterised. Howeverg the theoretical work leading up to 
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the improvement of conventional denture base acrylic is just the 

beginning of a study of dental acrylics structure and strength. 

By staining the mon(xner liquid with OsO 4, electron microscopy can be 

used to probe more deeply into the question of what happens to the 

monomer liquid (Sperling, L. H., et al , 1970). The question of 

how good an interpenetrating polymer network can be produced in the 

short time available to the technician needs to be explored. In 

this study only conventional polymer beads were used; the effect of 

copolymer beads on the fracture mechanics of dental acrylic requires 

thought. The final aim should be to produce a radio-opaquep impact 

resistant acrylic and only by understanding the way in which 

heterogeneous systems form and fracture will a systematic pursuit 

of that goal be possible. 
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CHAPTER 5. 

A STUDY OF GEL-TYPE TISSUE CONDITIONERS 

IN AN ORAL ENVIRONMENT 
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1. General Introduction 

Tissue conditioners are used in Prosthetic dentistry to relieve 

the pressure and abrasion to which inflamed tissue is subjected by 

ill-fitting dentures* It has been recognised that when taking the 

impression for a second set of dentures, time has not been allowed 

for the inflamed soft tissues to normalise, (Boos, D. C. 1959). 

Tissue conditioners are all soft materials, applied to the old 

dentures,, which allow the soft tissues to recover before an impression 

is taken. 

Early tissue conditioners were silicon rubber impression 

ccmpounds Mytiet R. B. -1959)9 and some clinicians used soft waxes 

(Chasso W. W., 1961)9 and zinc oxide/eugenol impression pastes. In 

the early 1960s a group of commercial products specifically de- 

signed for the purpose emerged. They were all gels made by swelling 

polymer beads with a plasticizer and ethyl alcohol. The clinical 

usesof these gels have been widely reported (Heath# M. R. 1966; 

Berryt D. C. 1963, Boucher, L. J. 1963), and as the quality of the 

gels improved the clinical applications of them has expanded to 

such fields as temporary soft liners for dentures. 

5.2. Physicaland Chemical Properties. *f the Gel-Type Tissue 

Conditioners. 

The useful life of the comercial. gels is about three days 

(Chaseq W. W. 1967; Boucher, L. J. 1963). This short life may not 

be a disadvantage since it allows the prosthetist to examine the 

soft tissues' response. Howeverv gels that harden and show signs 
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of deterioration after three days would seem to restrict the 

dentistq and the necessity of their replacement wastes time. 

The chemical canpositionsof most of the cormnercially avail- 

able gels have been elticidatee (Braden, M. (1970(a)). ThL-y consist 

of a powder, of lowrzolecular weight poly(ethyl nethaczylate) or 

s(ine closely related copolymer, wl'Lic: i Is nixee, v,, ith a lf. quid 

consisting of as much as 3#0% et: K A- /0 yl alcohol an, -, an arcriiatic plas'* 

cizer such as Butyl phthalate, 2utyl phthalyl butyl glycollate or 

a Benzoate. The gel is formeed as a resvIt of the poiymer boads- 

being swollen and entanglements cccurring :: )etaae-ri polymer rr,. Aecules 

of adjacent beads. 

The flow properties of the setting gels Iiave been mcarured, 

and the suitability of the co=., erclally ava. -Uab. le tissue conditicac-r. 1 

as cushioning materials assessed (Wilson, H. J. 1966). Th-e rate o--n' 

gelling is important in the clinical handling of the material and 

the cc=ercial gels reach '10 
5 

poise in about ten mAxv. Ates (Braden, 

M, 1970 (b)). The gelled material behaves as a distribntion of 

Maxwell Visco-elastic elements. 

5.3. Materials 

Four cxrmercial tissue conditioners were used in the investi-i- 

++s gation and are referred to as A",, B, C, D. With the exception 

of A the chemical composition of each of the other systems was knc&.,. n 

, Coe-. Comfort" - Coe Laboratories Inc., Chilcaco, Illinoý. s, U. S. A. 

+- "Tempo" - Lwig Dental Mfg. Co. Inc., Chicago, Illinois, U. S. A- 

+- "Ivoseal" - IvoclarA. Ge Schaan, Lichtenstein. 

S- itTriplastict, - opoto,,; Dental Mfg. Co., Brooklyn, Vleq Yc-ect U-S-Aý 



167 
(Braden, M. (1970(a), see Table (5.1). An experimental material (E) 

was also studied which consisted of a poly (ethyl methacrylate) 

polymer powder", and a liquid containing 8% ethanol and 92% butyl 

phthalyl butyl glycolate*'*. In each case three grams of polymer 

powder was mixed with 2 ml of liquid and the mixture allowed to 

gel between two glass plates 0.1 cm a, ýart. The elasto7neric sheets 

produced in this way were then cut into strips 7 an x 2.5 cm. Each 

strip being cut fifteen minutes after mixing began, cutting the 

strips earlier resulted in distorted specimens. 

5.4. gýVerimental 

m- Detemination of Powders. 
:. W 

The molecular weight of the polymers used to form the gels had 

not been reported in the literature. However, since the gelling of 

these conditioners involves the diffusion of alcohol into the poly- 

mer beads and also the part solution of the polymer beads-. the 

molecular weight wcu"M seem to have scme importance. The viscosity 

average molecular weight of each of the powders was determined by 

the single dilution method described in Appendix 1. The solvent 

used in the experiment was Butanone and the experiments were carried 

out at 230C. 

5. Infra-Red Analysis Of Tissue Conditioner A's Liquid 

Braden has already stated that A's liquid consists of a 

benzoate,, alcohol and a gelation inhibitor, (Bradent M., 1970(a)). 

%'* - 'tCMW 930t' - ADCO Plastics, Blackpool, England. 

"*- I'Santicizer B. 1611 - Monsanto, Ruabon, Wales. 
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The identity of the inhibitor was found by infra-red spectroscopy 

of the conditioner liquid using a thin film of liquid between KBr 

discs. 

5.6. Diffusion of Ethanol in Tissue Conditioner Gels. 

When a set tissue conditioner is immersed in water there will 

beg a priori, two diffusion processes. These are (a) the diffusion 

of ethanol out into water and (b) diffusion of water into the gel. 

In order to analyse subsequent behaviour in waterg it was decided 

to study first the diffusion of ethanol in the tissue conditioner 

gel. This was done by putting samples prepared as described above 

into an oven at 37.40C and weighing the samples periodically until 

a constant weight was reached. It was assumed that all the weight 

losses observed were due to ethanol; this seems reasonable in that 

the esters used in tissue conditioners have very high boiling points. 

Analysis of this desorption behaviour enabled the diffusion co- 

efficient of ethanol in the gels to be calculated. Although these 

values were obtained by desorbing in air, they will still be 

applicable to desorption when the outside medium is water. The 

only condition is that the diffusion coefficient of ethanol in 

water is much greater than that in the polymer gelv a condition 

that is obviously satisfied, (vide infra). 

5.7. Behaviour of Tissue Conditioner Gels in Water at 37*4 0 Ce 

A specimen of the gel was immersed in water at 37.40C, and 

weighings of the gel were carried out periodically until a steady 

value was reached. (This data is Clearly relevant to clinical 
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cmAitions). Then the specimen was transferred to an oven kept at 

37,40C containing a desiccant (phosphorous pentoxide) and weighings 

continued during desorption until a constant weight was attained. 

such sorption and desorption cycles were continued until the 

behaviour during both cycles became reversiblee (This was not 

possible with material 'A' as the water absorbed during consecutive 

sorption cycles increasedg and the gel showed obvious signs of 

physical deterioration; consequently this material will be discussed 

seperately in subsequent sections, These repeated cycles were to 

deduce the mechanism operating during the first inmersiong Appendix 

(D. 

5.8. Theoretical Considerations 

The desorption of ethanol in air and the reversible stages of 

water/desorption behaviour will be discussed in terms of diffusion 

theory. Diffusion theory has already been discussed in Chapter I 

and only the application of diffusion theory to the practical 

situation is discussed. During sorption or desorptiong the weight 

changes in the early stages of the process will be given by : 

Mt 2J 
rýt2ý 1 1 

Where Mt is the weight change after time It,, M the final weight 00 

changes at equilibrium, 21(the specimen thidmesý, It' the time# and 

trý the diffusion coefficiento Clearly a plot Mt/M., againt 
J/21 

should give a straight line of slope 4(D/TT )1 from which D can 
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be calculated 

The overall process of sorption or desorption up to equilibrium 

is given by 3: 

Mt 2 exP 'TT D (2n+I) t 
'1 22 

2n+1) 2 
(5.2) 1- 

i8T-2 21 

Substitutions of the value of D obtained from the M /M - 
J/21 

t OM 

plot into equation (5.2) enables the whole course of the process to 

be predicted up to equilibrium, and compared with experimental 

behaviour. A computer programme written in Fortran to calculate 

such parameters as D and Mt for a given set of experimental data 

is given in appendix 2.000 
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5.9. Results 

Viscosity Average Molecular Weight Determination of Tissue 

Conditioner Powders. 

Table (5.1) gives the viscosity average molecular weight of 

each of the tissue conditioner powders. The K and a values used 

to calculate frcm the intrinsic viscosity were taken as 

2.83 x 10-5 dl. g-" and 0.79 respectively (Chinai 1956). In the 

table the molecular weights of the powders are compared with the 

alcohol contents of their respective commercial liquids. It was 

noted that each of the polymer powders, with the exception of Et 

contained a filler; this was removed by filtration before the 

viscosities of the polymers were estimated. 

TABLE 5.1. 

THE COMPOSITION OF THE TISSUE CONDITIONERS 

MATERIAL RV % ALCOHOL* 
IN LIQUID 

ESTER* 
IN LIQUID 

A 275j000 6 Benzyl Benzoate 

and Liquid Paraffin 

B 2409000 23 Butyl phthalyl butyl 
Glycollate 

c 263vOOO 40 B. P. B. G. 

a 2349000 25 qclohexyl Phthalate 

E 1909000 8 B, P. B, Go 

"Data taken from Braden (a) 1970. 
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TABIE 5.2. 

THE SORPTION AND DESORPTION COEFFICIENTS OF 

TISSUE CONDITIONERS B-E IN WATER AT 37.4 0C 

MATERIAL 2 l* Ds 
(cm sece- ) 2 Dd 

(cm sece- ) 

B 1.72 x 10- 7 3.6 x 10- 
7 

c 1.54 x lO- 7 
4.92x 10- 

7 

D 1.38 x 10- 
7 

4.33x 10- 
7 

E 1.72 x 10- 7 5.3 x 10- 
7 

TABLE 5.4. 

THE EQUILIBRI'UM WATER UPTAKES OF TISSUE CONDITIONERS B-E AFTER 

TWO MONTHS AND AFTER SIX MONTHS AT 37.40 C 

MATERIAL % EQUILIBRIUM 
UPTAKE AFTER 

TWO MONTHS 

% EQUILIBRIUM 
UPTAKE AFTER 

SIX MONTHS 

COMMENTS ON COMPLIANCE 
OF SPECIMENS WHEN 
IMMERSED IN WATER AT 

37.4 0C 

B 1.46 Tbo irregular Noticeably stiffer 
in shape after one month 

C 1.835 Hard after one week 

D 1.8 2.44 

E 1.8 2.04 Still compliant after 
six months 
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5.10. Infra-Red Analysis of Tissue Conditioner A's Liquid. 

The infra-red spectrum of the tissue conditioner A was found 

to differ from the spectrum of a mixture of benzyl Benzoate and 

ethanol in one significant way: 'A's' spectrum has a large peak at 

2940 CIM-1, figure (5.1). A spectrum of benzyl Benzoate, ethanol and 

liquid paraffin is compared with that of A's liquid in figure (5.1), 

and it can be seen to coincide on all significant peaks. 

5. It. Ethanol Desorption. 

Figure (5.2) plots ethanol loss for the materials B-E in the 

form suggested by equation 5.1, i. e. ! It vs 
J. 

M 21 

5.12. Water Absorption/Desorption Behaviour. 

Figure 5.3 plots successive sorption - desorption cycles for 

material B typical of materials C and D also, and figure 5.4 simi- 

jar data for the experimental material E. Figure 5.5 plots data 

for material B (typical of all four materialsB-E) in the form 

,4 Mt/M vs t 121, for the sOrption/desorption cycles where 40 

reversible behaviour had been obtained. Table 5,2. lists the 

. 
diffusiOn coefficient for sorption (D. ) and desorption (Dd) for 

materials B-Eq and the equilibrium water absorption values. The 

diffusion coefficients thus obtained were substituted in equation 

5.2, and the full lines of figures 5.3 and 5.4 are plots of this 

function. 
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FIGURE 5.1. 

The infra red spectrum of tissue conditioner A's 

liquid (ful3ine) compared with the infra-red 

spectrum of a mixture of Benzyl Benzoatep ethyl 

alcohol (6%) and liquid paraffin (5%). 
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Table 5.3. gives the % loss of weight of the specimens B-E 

for the first week and compares this value with the % loss in 

weight of the liquid/gel phase. The value of the % weight loss 

after one week is achieved by desorbing the sample after one week 

and subtracting desorption equilibrium weight frcm the original 

weight of the specimen. Also given in Table 5.3. are the % weight 

losses of materials B-E over a period of six months. 

Table 5.4. gives the equilibrium uptakes for each of the 

samples B-E after three weeks. It can be seen frcm the figures 

(5.3) and (5.4) that after three weeks there is a definite plateau. 

Howeverv two of the samples D and E were kept in water for six 

months and after this time the water absorption had risen to 2.44% 

and 2.0, %respectively. 

5.13. Water AbsorDtion/Desorption. Behaviour of Material A. 

Successive sorption/desorption cycles showed progressively 

higher values of uptake, measurements being stopped when the uptake 

approached 20%; even then equilibrium was not reachedo figure (5.5). 



177 

a A% 

C 

FIGURE 5.2. 

Mll-monftmii" 

Desorption of Ethanol fran tissue conditioner gel 
in air at 37.40 C. 
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0 Material E; 
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Full line - predictions of equation(2) using appro- 
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5.14 Discussion. 

Before the water absorption behaviour of the tissue conditioner 

gels can be discussed the nature of the gel must be defined. The 

mixing of an alcoholic solution and poly (ethyl methacrylate) at 

room temperature would be expected to bring about some solution of 

the polymer, since ethanol will dissolve low molecular weight poly 

(ethyl methacrylate) at 80 0 C. The rate of solution of the polymer 

in ethanol at room temperature will not be as great, and if the 

ethanol is diluted with ester, may be very small. It is worth 

noting that if the tissue conditioner beads are stirred continu- 

ously in a large excess of the ethanol/ester liquids, though a 

thickening of the suspension does take place the beads remain 

separate and undissolved even after two weeks. Howeverg if the 

beads are allowed to fall to the base of the beaker they gel immedi- 

ately to form a clear transparent rubber. It would seem probable, 

therefore, that complete solution of the beads does not take place 

during the time of use and that the specimen is inhomogeneous 

consisting of beads saturated with alcohol which are linked to 

other beads by entanglements of their swollen and partially dissolved 

outer layersq and filling the interstices between the beads is a 

viscous solution of poly (ethyl methacrylate) in the ethanol/ester 

solution. The evidence for assuming an entanglement of beads is 

born out by the fact that such a system does gelt forming a systern 

that has both strength and elasticity and under conditions of 

sinusoidal displacement the gel has a measurable modulus (Braden, 

M. 9 1970(b)). 
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From the water absorption data given above it can be seen 

that the behaviour of material A is different from that of 

materials B-E and will hence de discussed later. 

5.15. Tissue Conditioners B-E 

(i), Influence on Water AbsoE2tion of Mv of Polymer Beads* 

It has been shown that the molecular weight of a polymer has 

little effect on the equilibrium uptake of water but does 

considerably affect the rate of absorption, (Brauer, G. M. 9 et al, 

1955). The rate of absorption is found to rise as the molecular 

weight of the polymer decreases. However, for the practical case 

studied here such effects of Rv are only of indirect importance. 

For although the R. of the bead will have some effect on the rate 

of uptake of the beads such small differences are hidden by the 

effects of surrounding the beads in a viscous solution of poly 

(ethyl methacrylate) in ethanol and ester. 

Where the molecular weight does have an effect is in deter- 

mining the concentration of ethanol in the liquid that is required 

to gel the system in a given time. Obviously the higher the R. 

the slower the gelling time for a given ethanol concentrationg a 

point proved by Braden using -s of 190,000 and 240,000 (6raden, MV 

m., 1970 (b)). A comparison of the Mvs of the commercial and 

experimental tissue conditioners and the ethanol content of the 

liquids needed to gel them confirms this view, table (5.1). 
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Hence the molecular weight of the polymer powder has an 

indirect effect on the water absorption characteristics of the gel 

since it determines the alcohol content of the specimen. 

(ii) Ethanol Desorption. 

When ethanol is desorbed from the specimens a quasi equilibrium 

is reached whereq on the desorption of a given fraction of the 

ethanol in the gelv desorption appears to stop, table (5.3). It 

can be seen that if the specimen is treated as being truly desorbed 

then the desorption fits the classical diffusion curve well# 

figure (5.2). The diffusion coefficient of ethanol in each of the 

systems would therefore appear to be the same and have a value of 

about 1.5 x 10-7 cm. 
2 

sec. -'. This is an order of magnitude higher 

than exPectedi when it is considered that D. for water diffusing 

into PMM is 1.08 x 10 -8 Cme 
2 

sec. -1 (Braden, M., 1964). Bearing in 

mind the inhomogenuity of the system it would seem likely that this 

diffusion coefficient, that was so independent cf the Mv of the 

original polymer used, is in fact the diffusion coefficient of the 

viscous liquid phase only and that the slower diffusion Of the 

remainder of the alcohol frcm the polymer beads is considerably 

slowed down by the presence of the viscous phase. If the surface 

ethanol concentration of the polymer beads could be assumed zero, 

or if the ethanol could be allowed to diffuse away frcm the polymer 

surface infinitely faster than its rate of diffusion in the polymer; 

then the diffusion coefficient of the remaining ethanol would be 

about 1.5 x 10 -8. Howeverl in this system this is not so# and 

the rate of diffusion from the bead phase will be expected to be 



186 

very much slowerv this being manifest as a quasi equilibrium when 

the ethanol content of the viscous phase has fallen effectively to 

zero. 

It may be argued that the polymer could not absorb so much 

alcoholv however, for the most stringent case, that of a liquid 

containing 39.8% ethanol the amount remaining only constitutes an 

uptake of 3.7% w. w. on the polymer phase which compares well with 

equilibrium water uptakes on similar polymers, (Brauer, G. H., et al 

1955). 

(iii) Water Absorption/Desorption Behaviour. 

Figure (5.3) is typical of the materials B, C and D when 

immersed in water. There is a progressive loss of weight during 

the first sorption, no doubt due to alcohol diffusing out of the gel. 

This is not surprising in that the minimum alcohol content of any 

of the gels was 10%. A similar but less pronounced effect was 

found in the experimental material E, figure (5*4); in this case 

small fluctuations in weight during the first sorption were followed 

by a more usual sorption/desorption pattern upon cycling the speci- 

men. The diffusion curves of all four samples after being cycled 

several times showed some similarity, having similar diffusion 

coefficients and equilibrium uptakes. Once again the diffusion 

coefficients were high and were ten times those expected for 

diffusion of water into poly ethyl methacrylate. Therefore it 

was reasonable to assume that this was diffusion into the viscous 

phase and that asLower diffusion into the polymer phase was still 

taking place. This was confirmed by allowing the quasi equili- 



187 

brated specimens to absorb water for six months. After this time 

the water uptake had risen from 1.8% to 2.4%. The form of the 

diffusion curve figure (5.4), is also in keeping with this view 

since its shape is that of a curve derived by Crank to predict the 

diffusion of water into a composite structure consisting of a layer 

of high diffusion coefficient material in contact with a layer of 

low diffusion coefficient material of infinite thickness, (figure 

(3.8) Crank, J. 1957). The desorption curves are classical and are 

probably the result of the mechanism described for ethanol desorp- 

tion, above. It is interesting to note the very good agreement 

between desorption coefficients for the four specimens. 

(iv) The Effect of Imersion in Water on the Compliance of Tissue. 

conditioners. 

The mechanical T9 of poly ethyl methacrylate is 700C, therefore 

at roan temperature it will be a glass. It has been seen in 

chapter 3 that even surrounding a poly ethyl methacrylate bead 

matrix with low T9 polymer has little effect on the mechanical T9 

of the whole system. Therefore, to plasticize such a system requires 

the plasticization of the entangled connections between the beads. 

in a tissue conditioner gel this is achieved by plasticizing the 

connecting polymer with a mixture of ethanol and ester. 

The result of placing the material in water is that the 

alcohol is removed and the specimen loses weight. The weight is 

lost fr(xn the viscous liquid phase and hence this phase shrinks 

and becomes less rich in alcohol. The extent of the loss of 

weight of the viscous liquid phase is given in table (5.3) and 
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it can be seen that losses of between 10 to 22% are encountered 

in the first week of immersion. The result of this loss of 

alcohol is to precipitate the polymer originally dissolved in the 

alcohol since there is nothing else to support its original degree 

of solution. This precipitation of polymer coupled with the 

shrinkage of the gel results in loss of plasticization of the poly 

ethyl methacrylate linking the beads. The overall result is a loss 

of compliance. 

it is interesting to note that though "Ivoseal" and "Optow 

Triplastic" was hard after a week, Tempo remains compliant for some 

months. Since Tempo was still compliant after losing 10% of the 

weight of its liquid phase and the experimental material only 

contains 8% of alcoholq if one assumes ester loss is negligiblet 

the experimental material should remain compliant indefinitely. 

The long term use of tissue conditioners would seem to depend 

on several factors; the molecular weight and possibly particle 

size of the polymer beads, and upon the extractibility of the 

plasticizer. 

The molecular weight and particle size are important for it 

is known that the lower the molecular weight and the smaller the 

beads the less alcohol is needed to form the gel in a given time. 

Filler would seem to be undesirable in the long term application 

since its inclusion would raise the amount of plasticizer needed 

to keep the specimen compliant. The extractibility of the 

remaining plasticizer is of obvious importance for if it is 

desorbed in water at a significant rate the effect will be the 
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same as the loss of ethanol. 

5.16 Tissue Conditioner A. 

Tissue conditioner A has a higher molecular weight polymer 

than all the others and a lower ethanol content. The infra-red 

spectrum shows that the liquid also contains liquid paraffin. The 

system it would seem is designed to gel very slowly and to act in 

effect as a viscous highly filled paste. The manufacturers reccmmend 

frequent renewal of the material and no claims are made regarding 

long term applications. 

The fact that successive sorption-desorption cycles of the 

material result in progressively large amounts of water absorbed, 

and that equilibrium is not reached, even at 20% water sorption, is 

consistent with rheological data. This showed the material to have 

a very weak gel structure. (Braden, M., 1970 (b)). The choice of 

Benz)ý Benzoate as the plasticizer will also affect the long term 

application of product A 
,ý jVor Benzyl Benzoate would be expected 

to be more readily extracted than the more bulky plasticizers usedIcL 

tissue conditioners A-E. 

5.16, Conclusions. 

The water absorption behaviour of gel-type tissue conditioners 

is consistent with diffusion into an inhomogeneous structure. The 

structure of the gel is an entangled matrix of beads, with inter- 

stices filled with a viscous polymer/plasticizer solution. The 

diffusion behaviour is dominated by the fast uptake of water into 
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the viscous phase, simultaneously with fast extraction of alcohol 

from the gel into the water. 

The high rate of diffusion of water into the gel phase makes 

it a factor requiring consideration when compounding a tissue 

conditioner of the poly(ethyl methacrylate) / alcohol types. 

Alcohol has been shown to be an essential part of gel-type 

tissue conditioners. It serves both to rapidly swell the outer 

layers of the beads during gellation, and to plasticise the 

entanglement bridges between beads that give the set material 

strength and compliance. The alcohol is easily extracted by 

water and this results in loss of plasticisation in the entangle- 

ment bridges between the beads. 

The loss of compliance that results from alcohol desorption 

depends on the molecular weight of the polymer beads. High 

molecular weight beads require more plasticisation than those of 

low molecular weight. An even greater amount of plasticiser is 

required if there is filler present. Because alcohol is so easily 

extracted its function as a plasticiser is limited and therefore 

should be kept to a minimum. Hence, if it is necessary to retain 

compliance for a long time in an aqueous environment the lowest 

molecular weight beads attainable should be used. 

The molecular weight distribution of the polymer is of 

importance in this application) for considering two polymers of 

identical Rv the one containing the largest low molecular weight 

fraction would be the most suitable. This is because such a 

polymer would gel more rapidly due to the faster rate of solution 
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of its outer layers. Also, the entanglements would be formed by 

low molecular weight species and therefore requires less plastici- 

sation to be ccmpliant. 

Tissue conditioner gels are often used as functional impression 

materials. Hence, dimensional stability of such systems is import- 

ant. The loss of large amounts of alcohol from the gel will cause it 

to shrink and the small amount of water absorbed will do little to 

counteract the shrinkage. Hence, the best gel-type functional 

impression materials will be those made from small diameter low 

molecular weight beads and low alcohol content liquid. 

The experimental tissue conditioner embodies all the recom- 

mendations for improvement mentioned above. It is a superior system 

having a longer useful clinical life than any of the commercial 

products. A further reduction of the 19 of the beads is not 
v 

ccomercially feasible. The small beads used in the experimental 

tissue conditioner are produced by ball milling. Their size can 

be reduced further by ball milling for greater periods; however, 

this increases production costs and produces powder so fine it is 

unpleasant to handle in the dry state, and gels too rapidly on 

addition of the liquid. 

Further work on such gels is needed to reduce surface tack, 

hence making it easier for the clinician to manipulate. This has 

been done by the addition of talc to the powder, however the 

increase in alcohol content of the liquid, and the loss of com- 

pliance that ensues, means that an alternative is necessary. 

The use of a polymer of a much lower T9, e. g. poly acrylate or 
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higher methacrylates, may be the answer, thus reducing the need 

for plasticiser and also the need for a large low molecular weight 

fraction, which is the major cause of tackiness. The rate of 

gelling could be controlled by bead size and the entanglement 

formation could be made much slower by using only a small amount 

of alcohol. Such systems may have an added advantage of improved 

ccmpliance, a useful property when relieving pressure from inflamed 

soft tissue. 
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CHAPTER 6 

AN ASSESSMENT OF EPIMINE PRODUCTS USED IN DENTISTRY. 
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1. Introduction 

The use of epimine terminated polymers in dentistry arises fran 

the ability of epimines to bulk polymerise at 20 - 37 0 C. Three 

dental products based on epimines have been produced to date: 

OP-Cadurit", "Scutan"'I and "Impregum". The use of such material 

was novel in dentistry and merited detailed study. 

"P-Cadurit" was an early attempt at a composite filling 

material. Produced in 1958 it was intended to ccmpete with the 

direct filling acrylics available at the time. However, it's poor 

tensile properties and its tendency to discolour lead to it's 

withdrawal frcm the market in the late 60's. 

"Scutan" is a temporary crown and bridge material and 

"Impregum" an impression rubber. It is the concern of this section 

to characterise these latter two products, first by elucidating 

their chemical composition and in the light of this, explain their 

physico-chemical properties. 6.2. - 6.4. reviews the background 

chemistry of epimines, whilst the subsequent sections are concerned 

with the experimental investigation of "Scutan" and "Impregum". 

6.2. The chemistrv of EpImine Res-in Pr_oduction. 

The functional group common to all epimines is the cyclic 

&ecoridary arnine: 

R,;: ý7R 
N 
H 

This moiety will polymerise by a ring opening mechanism and all 

details of this are given in sections 6.3 and 6.4. The most 

All frcm Espe Pharmazeutischer Praparete Fabrik GMEH. 
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useful epimine is ethylene imine: 

CH- CH 
2 
\, 

ýNl 
H 

and it is this molecule that is the starting point for the epimine 

resins used commercially. 

Ethylene imine is a secondary amine and as such will react with: 

Chlorinated carboxylic acids (German Patent 858,700). 

C. H214; H 

+ Cl CH COOH N- 2 CH2 COOH 

CH 2 CH 2 

Chlorinated esters: 

CH 
2 CH 

N- CH COOR Hý + Cl CH 2' COOR 2 
CH 21 

Unsaturated Compounds: 

CH 2 Na 
CH 2 

H141 + C6 H5 CH = CH 2 --4OC6H5CH2CH2 -N 
CH 22 

CH 2 Na Cli 
I --, NH + CH = CH 21ý, 

N- CH(CH 2) COOH 
CH -"' 10 CH'-. *' 2c2 

'11ý 

Isocyariatese. 

CH H 
RNCm 0-4>R N 
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From the examples given above of ethylene imine reactivity 

it can be seen that the production of multifunctional resins would 

be a fairly simple matter. 

Three such resins have been patented for use in dentistry. 

The earliest of these used an aliphatic dihydric alcohol and 

esterified each OH with either a chlorinated carboxylic acid, an 

unsaturated carboxylic acid or an isocyanate. The epimine ring 

was then introduced by the reactions described above. (British 

Patent No. 696,364). The resulting resin was colourless and could 

be cured at room temperature using an arcmatic sulphonate. It was 

just such a resin that was used in the unsuccessful P-Cadurit 

filling material. 

An improvement to this aliphatic resin was achieved by using 

an aromatic bisphenol as the basis for the resin molecule. This 

substitution had proved successful with the polyester and epoxyresin 

analogues earlier (B. P. 1,054,635; Lee and Neville, 1967) and was 

the first attempt to apply epoxy technology to epimines. 

The most popular c(movercial bisphenol used in epoxy chemistry 

was Bisphenol A. CH 3 

1i0 <ýý 
- 

CO ) OH 
&3 

and it will be shown later that this was also the basi3 of the 

ccmmercial epimine resin. Bisphenol A was first reacted with an 

a, 0, unsaturated carboxylic acid i. e. acrylic acid: - 

CH 3H CH 3 
0 HO + CH2--o CH 2= CHC -0 \DO--O-CCH =CH 2 &3 LCH 

030 
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Ethylene imine was then reacted with the unsaturated sites to give a 

difunctional epimine: 

Ck ?I 
cc N 

%-, 
CH f- CH 2 

CH 

0- <Z> -& 

0 CH 3 If 
.0c-c 

N 
/ 'IN, 

CHý- CH2 

FIGURE (6.1. ) 

It is this resin that will be shown later to form the basis of 

, 5--utan', the temporary crown and bridge material. 

The usual way of making a flexible (elastcmeric) thermosetting 

resin, whether a polyurethane, epoxyq polyester or epimine is to 

use a long chain aW dihydric alcohol. The polyethylene oxide 

glycols are often used for such a purpose, though the polyethylene 

oxide/polytetrahydro-furan copolymers have less tendency to crystalise. 

The same procedure as above is used to produce the difunctional 

resins. Great care has to be taken in this case to ensure that all 

unsaturation is removed from the chain and that branching and hence 

the production of trifunctional resins is kept to a minimum. A 

molecular weight of 5,0oo is thought desirable between crosslinks; 

this gives a resin that is not too viscous and a finished product 

that is not too stiff. It will be shown later that "Impregum"v the 

elastomeric impression ccmpound, is based on Just such a resin. 

Difunctional alcohol: 

HO -I (CH2) 0 -H 

Rnm 
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Flexible epimine resin. 

0R0 
11 1- 1 

H CH.; -C- CH 2- Co 
[C 

H- (CH2) v- CH - (CH 
2 

)_ 
" 

2- -CH 3 
n m-1 

CH 
2c2 

CH 2 

n=1,2,3. m= degree of polymerisation 25 - 500. R=H or alkyl 

6.3., Catalysts for the Po erisation of Epimines. 

Ethylene imine and the majority of alkylenimines when pure 

wid dryo do not undergo uncatalysed polymerisationl, even after long 

periods at 1500C, (Jones, G. D., 1944). Water has been reported 

(Barbt W. G. 9 1965) to catalyse a slow polymerisation of ethylene 

imine at IOOOC9 The polymerisation of alkylenimines is catalysed 

by acids or alkylating agents, All the known alkylenimine catalysts 

are capable of converting the ring nitrogen atom into the quad- 

rivalent state, by salt formation, co-ordination or oxidation. 

Catalysts which have been used for the polymerisation of alkyleni- 

mines are shown in Table 6.1. 

Unlike ethylene oxidet alkylenimines do not undergo base 

catalysed polymerisation (Kern, Wep et al 1941) and are often 

stabilised by the addition of sodium hydroxidee The quinone-type 

inhibitors do not inhibit the polymerisation of alkylenimines. 
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TABLE (6.1. ) 

Catalysts for the Polyinerisation of Alkylenimines. 

Stronq Inorqanic Acids 

HCL HBr 

H2 so 4 HNO 3 

(y--phosphoric Co 
2 

Orqanic Acids 

Acetic Chloroacetic 

Trichloroacetic Malonic 

Benzoic p. Toluenesulphonic 

Sulphanilic 

Boron Fluoride and its Organic Complexes 

Amines and AmineSalts 

2-chloroethylamine 

Sulphuric and sulphonic Esters 

2-aminoethylsulphuric acid 

Alkylating Agents 

Benzyl chloride 

t-Butyl brcmide Allyl chloride 

Heterogeneous_Catalysts. 

Alumina Silica gel 

Activated carbon Kieselguhr 

Sodium Bisulphate and Potassium I 

Persulphate 
Stannic chloride 

2,4-Dichlorophenol Aryl diazonium salts 

Silver and Copper Salts e. g. its nitrates 

Ferric Chloride and perchlorates 

Aluminium Chloride and Brcmide 
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6.4. The Polymerisation Mechanism of Imines. 

The polymerisation of ethylene imines was first described in 

1888 by Ladenberg, (Ladenberg, A., 1888). It was not until 1941 

that the mechanism was first investigated by Kern and Brennessen, 

(Kern, W., 1941). They postulated that since the polymerisation 

was catalysed by acids ) 
it was polycondensation. 

It was also suggested that the mechanism was a radical 

polymerisation, the ring opening to give a diradical. Howevert the 

kinetics proved to be second order up to 70% conversion, and since 

radical polymerisation is neither mono or b1molecular the radical 

theory was clearly inapplicable. 

Jones in 1944 produced a charged species under dehydrated 

conditions from HC1 and ethylene imine: 

CH ýCH + 

2CH 2M 3* 
2C1 

2 

this species was found to spontaneously polymerise ethylene imine 

with evolution of HC1. (Jones, G. D., -1944). Gabriel had taken 

these results to indicate a polycondensationg (Gabrielp S-9 1888)- 

Howeverg Jones interpreted the results in the light of Weinstein and 

Buckles "neighbouring group theory" and postulated that this was a 

polar addition polymerisation similar to that described by Williams- 

(Weinstein,, S. 9 et al 1942; Williams, G. 1940). 

Jones whole reaction was: 

clcm 2 CH2NH 
2 +AB--o-BCH 2CH2NH2 +Acl 

the rate deterudning step being the formation of the immonium ion: 
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CH 
2 

+NH - Cl- CU312CH2NH2 "ýý 
I 

CH 2 

fOllaged by ardonoid cleavage: 

CH 2 
INH B7 - 40 2+ BCHP2NH2 

2 CH 6- 6+ 
consider Ethylene Imine as AB, i. e. N-H 

CH 2 

and the charged dimer found by Jones is formed: 

CH CH +HCL CH +Q+ 
NH + NH "*ýNH-CH CH NH 2222 

CH 2 CH 2 CH 2 

This mechanism did not however fit the kinetics found for the reactiOno 

Therefore in order to elucidate the mechanifimt work on homologues 

of ethylene imines was started by jones and others, (Joneaq G. Dej 

, 1944) 

-Ingold am Hughes proposed two mechanisms, one SNI and the 

other SN2; they had found that the molecularity of the reaction was 

influenced bY the strengths of the anion and the donor molecule* 

(Hughes, EeD, 10 at al 1933 and 1935). Either moiety could produce 

a shift from S. 1 to S. 2 mechaniang (Figures (6.. 2) and (6.3) 

Minour4, Y. et al (1959). 

Barb in 1955 postulated an equilibrium reactionj (Barbv W. G,,, 

-1955). Actual polymer growth is slow and the protons are distri- 

buted about the various basic centrese If the imino nitrogen in 

the moncmer and polymer are of approximately equal basicityp then 

in early stages of polymerization most of the protons are bokInd 
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to moncgner molecules,, and the dimer is the major product. As the 

concentration of dimer increases trimer, tetramer and polymers 

begin to form. Finally as the reaction approaches completion all 

lower species disappear. This interpretation was confirmed by 

chromatography of reaction mixtures at various stages of reaction. 

The foregoing led to the concept of 'transfer equilibrium's 

Although in polymerisation there are a limited number of reactive 

centres as in vinyl polymerisation, the degree of polymerisation 

rises steadily throughout the reaction as in poly condensation. 

The difference between Barb's approach and Jones's frcm a 

kinetic view is that Barb's view allows reaction between polymer 

chains and this possibility was ignored by Jones. 
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6.4* N- Substituted nAmines. 

Very little work has been done on the polymerisation. mechanism 

of N-substituted epimines and what has been done concerns itself 

with amine salts and simple substituents. Hence there is no 

evidence to support the application of Barb's transfer equilibrium 

theory to the tertiary amine, systems in "Scutan" and "Impregumll 0 

If transfer equilibrium did occur the mode of polymerisation 

would be as shown in figure (6,4) with the formation of acme cross- 

links of the form shown in figure (6.5). 

With transfer equilibria there may be linkages such as: 

HN - CH CH -N- CH 
--. 

CH- N- CH - CH -N 2/ 2 21 22 

CH 2 CH 2 CH 2 1-11 

CH 2 CH 2 

NH N- CH 2- CH 2 NH N- CH 2- CH 22 CH 2N 1 

2 

CH 2 

FIGURE (6.5). 

Howeverv if no transfer equilibrium occurs the cross-links will be 

of the form Shown in figure (6,6), It is hoped that if some trans- 

fer equilibrium does occur it will be apparent in the viscoelastic 

properties of the material. 

If there is no transfer equilibria the product is: 

-N - CH 2- CH 
2-N- CH 2- CH 

2-N- 
CH 2- 

CH 2 

FIGURE (6.6) 
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FIGURE (6.4) 

polymerisation of N-substituted alkylenimines with transfer equilibria. 
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6. S. An Epimine Temporary Crown and Bridge Material 

6,5*1. Materials 

The temporary crown and bridge material referred to is 

%% Scutazý*; it is supplied as a twin-padc, a tube containing monomer 

and a fillerO and a bottle containing catalyst. The material used 

was supplied frcm stcw* by the importer and was taken to be the 

standard commercially available product, 
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6,5.2,, Experimental. 

(i) Chemical Anal. ysis. 

Successively washing the monomer paste in a No. 4 sintered 

crucible with ether yielded on evaporation of the ether a clear 

viscous liquid. The solid left behind in the crucible was examined 

under a microscope. The monomer paste was ignited and found to 

leave no ash. In the light of this discovery a suitable organic 

solvent for the filler was sought. The filler dissolved in warm 

Dimethyl formamide and once in solution was poured onto a clean 

glass slide. The solvent was evaporated in vacuo, for a week 

leaving a thin film of the polymer. 

The thin film of polymerv the viscous monomer liquid and 

the catalyst liquid were then subjected to infra red spectroscopy 

in the range 600 - 4000cm-". The liquids were studied in thin filmi 

between KEIr discs separated by a 0.1 mm separator. The thin poly- 

mer film was first cellotaped over a slit in a piece of card. The 

card was then placed in the infra red beam. A sodiUM fusion Wag 

done on each of the components and by simple weighing Of the 

fractions the composition of the reaction mixture was found. 

(ii) Viscosity-Of Monomer_Pastee 

The viscosity of the monomer paste over a range of shear 

rates is important when considering the ease with which the monomer 

paste can be mixed with the catalyst liquid. The viscosity was 
I 

determined using a cone and Plate visccmeter over the range of 

shear rates of 0.139 to 50 secs-lo The method used is that 

0- - Scutariý, E*SP*Eo -Fabrik Pharmazeutischer Praparate GMEH9 
Seefeldp Germany, 

s Weissenbergq Rheogoniometer, Sangamo Controls Ltd., Bognor Regis, S Sussext England. 
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described by Braden and is given in full in appendix (1). Braden 

M., 1967). 

(iii) Viscoelastic Properties. 

The viscoelastic properties of the set material were 

determined between 25 and 1000C. The specimen was prepared accord- 

ing to the manufacturet instructions and the specimen dimensions 

and method of test using the Torsion pendulum are given in appendix 

(1). An identical series of determinations were carried out using 

unfilled monomer, cured using the same concentrations of catalyst 

liquid. 

(iv) Mechanical and Thermal Properties. 

The thermal expansion of the set material was studied in 

the temperature range of 0 to 900C using a dilatometer. The impact 

strength of the set material was determined and compared with that 

for a conventional room temperature curing acrylic. The Youngs 

modulus; ultimate tensile stress and strain at break were also 

determined for the set material using the methods described in 

appendix (1). 

The temperature rise on setting of the material was compared 

with that of a conventional room temperature curing acrylic. This 

was done by inserting a thermocouple into a standard volume of 

curing resin and recording the change in temperature with time. 

(v) Water Absorption and Colour Stability. 

Water absorption characteristics of the set material at 

370C were determined using specimens cast in a wax mould between 

dry glass plates. The method is described in appendix (1). The 
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emillibrium uptake of unfilled "Scutan" was also found by the same a- 

method. The colour stability of the specimen was observed over a 

period of six monthsl the colour and clarity of the unfilled 

specimen being noted at approximately weekly intervals. 
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6.5.3, Results. 

U) Chemical Analysis. 

No significant residue was found when the two components of 

the mix were ashed. Sodium fusion of the monomer fluid showed the 

presence of nitrogen as did the sodium fusion of the polymeric 

filler. The sodium fusion of the catalyst system showed the presence 

of sulphur, and ignition-. of the catalyst showed it to be aromatic. 

quantitative analysis of the catalyst suggested an aromatic 

sulphonate. 

Ether extraction of the monomer and subsequent shaking of 

the extract with dilute acid showed the monomer to be basic. This 

suggests the presence of an amine. 

The ether insoluble fraction of the monomer paste (the filler) 

was found to be 25% by weight. The filler was organicv and satu- 

rated. Microscopic examination showed it to be finely chopped fibres 

about three micrometers (3 4m) in diameter. 

The infra-red spectra of the polymeric fillerv monomer liquid 

and catalyst liquid are shown in figures (6.8) (6-9) and (6.10) 

respectively. The catalyst liquid spectrum is COMPared with the 

spectrum for methyl p-toluene sulphonateg and each spectra shows 

the peaks assigned to the functional groups thought to be present 

(Bellamy, L. J., 1957). Figure(6.11) shows the moncmer liquid spectra 

compared to the spectra of an aromatic dimethacrylate known to have 

a Bisphenol A structures the Bisphenol A assigned peaks are marked 

(Lee et al. 1967) * 
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(ii) Physical Properties. 

Figure (6.12) plots the viscosity of the base pastes at 250C 

as a function of shear rate, and figure (6.13) plots the setting 

reaction exotherm. Figure (6.14) plots the dialotcmeter reading 

from which the cubical coefficient of expansion was calculated. 

The table (6.2. ) summarises the physical properties of the set 

material. Figure (6.15) plbts the real (storage) and imaginary 

(loss) parts of the complex shear modulus (G 
I and G2 ýespectively), 

as a function of temperature for the cured filled material; figure 

(6.16) for the unfilled material. 
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TABLE 6. ý, 

PHYSICAL PROPERTIES OF ETHYLENE IMINE 

MATERIAL AND POLY (METHYL METRACRYLATE) 

Young's modulus at 25 0C (10 9 
N/m 2)2.33 (2.65) 

Shear modulus at 25C (10 9 
N/m 

2) 

10.96 

(0.78) 

Impact strength (ft lbs) 0.0189 (0.0216) 

Cubical coefficient of expansion 38 0 C, 2.82 x 10-4 

(C--') 38 0 C, 4.32 

Glass transition temperature 
38.50C (72 0 C) (dilatcmeter) 

Stress at break (10 4 
kg/m 2 

1.89 (5.5) 

Strain at break M 0.809 (2.25) 

Water sorption at 37.40C: -1.4% (2.0) 
Equilibrium uptake 92 Diffusion coefficient (10- cm sec-l) 6.1 (14) 

(Figures in par. entheses are values for poly (methyl 

methacrylate) ). 
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FIGURE 6.12., 

Viscosity of base paste at 25 0C as a function of shear rate. 
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FIGURE 6.13. 
Temperature increases during hardening reaction. Solid circles, 

ethylene imine material; clear. circlesý rocm temperature poly- 

merizing poly (methyl methacrylate). 
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'4 

2 

FIGURE 6.14. 

Volume expansion of the set material as a function of 

temperature. 

Temperature 
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Real (storage) and imaginary (loss) parts of the ccmplex 

shear modulus (G 
I and G2 respectively), in dyne/c-i 

2 
as a 

function of temperature for the set material. Solid 

circles, G2 ; clear circles, GI. 

TEMPERATURE 
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FIGURE 6.16. 

Real (storage) and imaginary (loss) parts of the complex shear 

modulus (G 
I and G2 respectively), in dyne/cm 2 

as a function 

of temperature for unfilled 'Scutan'. 
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6.5.4. Discussion. 

U) Chemical Anal. ysis. 

The infra-red Spectrum of the catalyst liquid has peaks at 

1295 cm and 1375 cm which are attributed to the sulphonate group. 

(Sellamyl L. J. v 1957). This, assignment is corroborated by the 

qualitative detection of Sulphur using the sodium fusion technique, 

and the good alignment of the above sulphonate peaks with those of 

a known sulphonate infra-red spectrum. The sulphonate used for 

ccMparisonj, figure (6.4), is methyl p-toluene sulphonate). How- 

ever, the sulphonate used in the commercial product is not methyl 

toluene sulphonatel but is more likely to be an aromatic sulphonate 

of a lower melting point. U, ev methylbenzene sulphonate). 

pinally aromatic sulphonates were found to cure the base paste 

quickly and with little exotherm. 

The ether soluble fraction of the base paste reacts with an 

aromatic sulphonate to give a glassy polymer. This fraction was 

assumed to be the active fraction of the base paste. The patent 

covering "Scutan" refers to a resin molecule of the structure shown 

in figure (6,1), (British Patent 1.054635). The presence of nitrogen 

and the infra-red spectra are consistent with the above structureo 

The peaks in the spectrum attributed to a Bisphenol A based resin 

compared well with the Bisphenol A peaks of a resin known to be based 

an such a nucleus., 

The filler was shown microscopically to be a chopped fibre. 

The spectrum of the filler is consistant with that of a polyamide, 

by comparison with Published spectra of polymersq figure (698). 
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(Nyquiste R*A*t, I%I)o, Nitrogen has been shown to be present in 

the filler and one of the fillers recommended by the patent is 

dwpped nylon fibre* This would seem to confirm that the filler 

is a polysaide* 

(ii) Rheology of the Base Paste. 

The viscosity of the resin when unfilled is 110 - *185 poise., 

moweverv figure (6o12)9 the camercial base paste is much higher 

than this; furthermoret the system is non-Newtonian for the viscos#y 

showed a marked dependance on shear rate. These characteristics 

are most certainly caused by the presence of the polymeric filler 

in the material* The shear rate dependance means that in practice 

the material will not flow readily at very low rates of shearl aod 

so will appear stiff when upeezed out of the tube, At high 

rates of shear, as ocx=rs when the catalyst is mixed in with a 

spatula, the material will flow far more readilye In general# these 

characteristics woulid seem to be desirable. 

The discontinuity in the graph at about 6.0 sec7l indicates 

shear failure in the pasta, a ccmm phancmencn In viscous systems. 

(Huttong J. P. 1%3). In practice this may mean a tendency for 

bubble formation if the material is spatulated too violentlye The 

range of viscosities exhibited in figure (6.12) is very broadly 

that exhibited bY Un"t elastemeric Impression materials. Clearly 

then, on the addition of the very fluid catalyst (and before the 

onset of the setting reaction) the material is sufficiently mobile 

for easy clinical handling, 
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(iii) Heat of Reaction. 

The rise in temperature of the epimine resin ott curing when 

ccmpared with that of a conventional cured acrylic was considerably 

lesse This is to be expected because of the presence of filler in 

"Scutan" and the nature of the polymerisation reaction. When an 

acrylic polymerises long chains form which require many reactions 

to take place between unreacted monomer and the growing chains. 

in the difunctional epimine resin the molecular weight of the 

resin is higher than that of methyl methacrylate by the ratio of 

638: 100, Therefore, if the epimine reacts as a monofunction mono- 

mer six times as many reactions must occur in the acrylic to maintain 

the same rate of molecular weight increase. Howevert one epimine 

acting as a difunctional mogmer- can by one reaction, double the 

molecular weight of the chain. In practice the majority of epimine 

groups react giving a highly cross linked system 9 (see mechanical 

properties). The clinicalAgnificance of this reduction in exotherm 

is that pulpal irritation due to heat is reduced,, also that strains 

produced in the temporary crown by curing at elevated temperatures 

will be minimised resulting in a stronger tempor-lary restoration. 

(Jv) Transition TemDerature and Thermal Expansion. 

The change in slope of the volume expansion plot,, figure (6.14) 

is indicative of a thermodynamic transition from a glass to a rubber. 

The inflection at 38 ! 20C is low for materials used in the mouthq 

the temperature of which is 37.40C. The mechanical significance of 

this is discussed later, 
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The change in slope also means that below 380C the co- 

efficient of thermal expansion of the material is similar to that 

of cold cured acrylicp whereas above 38 0C the expansion coefficient 

is much higher. The expansion at high temperature is not thought 

to be significant because the high temperatures will only be 

transitory and the thermal diffusivity of the material is low. 

(v) Water Absorption and Colour Stability 

The water uptake of "Scutan" appears to reach an equilibrium 

value at about 1.4% and has a low diffusion coefficient. However, 

if the specimen is allowed to remain in water for six months the 

water uptake rises slowly to about 10% and the specimen loses 

weight* 

In the first month the specimen turns amber and then slowly 

bec<nes soft and opaque. When the specimen is desorbed the opacity 

disappears leaving the specimen clear and amber. 

It is known that a specimen will absorb progressively a high 

amount of water when at a temperature greater than its T9 because of 

the increase in free volume. Since the T9 of Scutan can be seen to 

be 40 0 C, figure (6*14)9 there is a possibility that the initial 

uptake of water may have lowered the T to below that of 37.40C 
9 

with the result that the water uptake increased. The soft cheese- 

like feel of the specimen would suggest a large depression of T9 

and after six months perhaps even the mechanical T9 was depressed 

below 37. jý)Cq a depression of some 120C. 
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(vi) Viscoelastic Properties. 

The transitionin these properties between 50 and 600C is 

shown in figure (6.15). Over this temperature range there is a rapid 

decrease in elastic or storage modulus (G 
I) with a corresponding 

loss of elasticity as shown by the increase in the loss modulus 

G2. (This transition occurs 10 to 200C above the transition tempera- 

ture determined by the dilatometric technique and is ccmmon with 

polymers). The fall in GI by a factor of about 30 , instead of the 

factor of 19000 or more experienced in a glass to rubber transition, 

is consistent with a highly cross-lirked system. (Katzg D., and 

Tobolskyt A, V, p 1964; Pogany, G. A. ). 

Scutan is based on a Bisphenol A centre and is cross-lirked 

by ring opening of a cyclic tertiary amine group. It is reasonable 

to expect, thereforeq some similarity in viscoelastic behaviour with 

the epoxy resin of the same basic structure, figure (6.1). A 

coMrehensive study of T9 Is of various glycidyl ethers of Bisphenol 

A has been carried out by Pogany. it was found that GI before tran- 

sition was little affected by cross-linking dentistry or by the 

type of cross-link. Pogany values for GI prior to the transition 

lie between 0*85 - 1.00 x 10 9 N/m 2 
which is in good agreement with 

0.9 x 10 9 N/m 2 found foAcu 9 figure (6.16). Pogany found that 

for a totally uncross-linked system, i. e, phenoxy resin 

H 
0 O-CH_-CK-CH_ý_ 

22 
CH 

3 

the T9 was 1000C and that all other degrees of cross-linking had 
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T9s greater than -100'C. 

The viscoelastic-- behaviour of 
IScutano" is not in keeping with 

these findings for the T9 is low, between 60 - 700C* It may be 

argued that the cross-links are more flexible than in cured epoxy 

resins, having a length of s(xne sixteen atoms compared with only 

twelve for an epoxy resin cross-linked by CX, W ethylenediamine. 

However, the T9 of the ethylenediamine cross-linked epoxy is 1450C 

and increasing the length of cross-link by eight carbon atcms only 

reduces the T9 to 1230C. A possible explanation of the low T9 lies 

in results published for cross-linked epoxy resins by Kwei. When 

curing his specimens Kwei post cured them at only 70 0 C, the resulting 

specimens were under cured and were found to have low T9 -a, an 

experimental error revealed by the work of Poganyo When the I'Scutan" 

system is examined in this light it becomes clear that ccmplete 

reaction would seem unlikely in a specimen heated to no greater 

temperature than 37.40C. This is a common failing of materials cured 

in the mouth, as a lengthy post-cure at an elevated temperature is 

not a practical possibility in a material whose use depends on 

tchairsidel manipulation and cure, 

The low T9 is depressed further by the inclusion of water (as 

discussed earlier) and after six months is lower than 37AOC. This 

means that in practice in less than six months the material will have 

a cheese-like consistency and will break up under masticatory forces. 

The frequency dependence of the viscoelastic properties of 

0 
Scutan 

/I 
at 37.40C was measured and found to be slight; and the GI value 

varies by 5% over the range of frequencies experienced during 

mastication. 



(vii) Mechanical Properties. 

The Young's modulus (E) and shear or rigidity (G) modulus 

are similarg in generalg to those of poly(methyl methacrylate)9 and 

this Indicates similar flexibility at roam temperaturev The 

calculated value for Poisson's ratio however is 0.22# which is 

unusually low for a rigid polymer and is probably a consequence of 

the filler addition. (Poisson's ratio (v) was calculated from 

E/2G =I+ v). 7he impact strengtht tensile strength, and extension 

to break are all decidedly inferior to poly(methyl methacrylate)* 

This is to be expected for a cross-linked system such as this since 

dissipation of elastic strain energy is not possible if the chains 

cannot slip past each other. Hence, considerable care is necessary 

in the handling of any intricate appliance made fram this material. 
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6.6., An Epimine Impression Rubber. 

6.6.1. Materials. 

The impression rubber studied was 
$ 

Impregt; *. This material 

is supplied as a two tube pack, containing respectively resin and 

catalyst pastes. The material tested was supplied from stock and 

was taken to be of the standard comercially available. 

6.6.2. Chemical Analysis. 

Ash tests were performed on these two pastes. Each paste 

was also taken up in chloroformg the solution centrifuged,, and 

this solution decanted. The chloroform was evaporated leaving the 

organic fractions of eac paste, which were then subjected to infra- 

red absorption spectroscopy'ý in the range 600 - 4000 curl in the form 

+ Unicam SP 1000, Pye Unicam Limitedt Cambridge, England. 

%I 
*Impregutn*, E. S. P. E. Fabrik Pharmazeutischer Praparate G BHI 

Seefeldq Germany. 
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of a thin film between potassium bromide discs. Sodium fusion tests 

were carried out on each fraction. 

For syringe use a separate tube of a 'thinner' is supplied; 

this when mixed with the base and catalyst pastes is intended to 

reduce the viscosity of the unset material and the modulus of the 

set rubber. This was subjected to similar ana; ysis. 

sample of the set rubber was extracted with ether in a 

soxhlet apparatus. The extract was evaporated down, and the residue 

subjected to infra-red analysis. The melting point of the residue 

was also determined. 

6.6,3., Physical Characterisation. 

(i) Meology of the Base Paste. 

The theology of the base paste was studled using a cone and 

plate viscometer (appendix 1). This involved measuring the viscosity 

as a function of the rate of shearg also elastic effects in the 

flow of the material. Such measurements were also carried out on 

base paste to which thinner had been added. 

(ii) Setting Time of the Rubber. 

A specimen was mixed according to the manufacturers instruc- 

tions, and the setting time estimated visually. This was ccmpared 

with a similar estimate on a heavy bodied polysulfide rubbero 

(iii) Water Absorption. 

Polyethers are known to have a high water absorption 

(Gaylordq N, G. 1963)t hence behaviour in contact with water is 

of obvious intportance. The water absorption and desorption of the 
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set rubber,, were determined at 37.40C (appendix -1). The specimen 

when ether extracted was also studied by the same method. 

The effect on the water absorption characteristics of adding 

'thinner' was also studied . Prior to mixing I thinner I was added 

to the resin paste in the ratios of 33; 66,50: 50P 66: 33 by volume. 

The specimens cast from the reaction of these pastes with the 

catalyst paste were investigated under the same conditions as the 

unthinned and ether extracted specimens. 

(iv) Dimensional Changes. 

Specimens were floated on mercury, and dimensional changes 

measured with a travelling microscope for some hours after the 

material was set. Such measurements were also carried out on 

similar specimensg with the specimen covered with water. 

(v) Thermal Expansion, 

The coefficient of volume expansion was determined using a 

volume dlhtcmeter'-'*. A sample was prepared and its volume 

measured. From the slope of the plot of dilatcmeter reading against 

temperature, the coefficient of volume expansion of the rubber was 

determined. 

(vi) Visco-Elastic Properties. 

Visco-elastic properties were determined as a function of 

temperature in the range 25 - 50 0 C. using a torsional pendulum 

apparatus (appendix 1) both on the conventional material and that 

to which 'thinner' had been added. 

-Yarsley Dilatcmeter. Polymer Consultants Ltde, Nottingham, England, 
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6.6.4. Results. 

U) Chemical Analysis. 

Table 6.3. gives the results of quantitative analysis, both 

of the original base and catalyst pastes, and of the set rubber. 

Ifit is assumed that solvent extraction of the set rubber removes 

the plasticiser and extraneous organic matter, the ash content of 

the extracted rubber enables the filler/polymer ratio to be 

calculated and hence the general formulation of the material, 

(table 6.4. ). The filler was identified as a silicate. 

The ether extract of the set rubber was a soft waxy solid, 

melting point 470C. The infra-red spectra of the organic compo- 

nents of base catalyst pastes and ether extract of cured rubber are 

given in figures 6.17 and 6.18 respectively and compared with 

appropriate reference compounds. Sulphur was identified by the 

sodium fusion test in the catalyst paste. 

The thinner had an ash content of 1-1.4%. This was identified 

as a form of silica flour. The liquid fraction proved to contain 

both a phthalate, and a low molecular weight polyethylene oxide. 

(ii) Rheological Properties. 

A plot of the viscosity of the base paste as a function of 

shear rate is given in figure 6.19. At low rates of shear the 

torque did not instantaneously drop to zero, but decayed slowly with 

time; furthermorej addition of thinner did not materially alter 

these characteristics (figure 6.20). 
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(iii) Setting Time. 

This was five minutesv. compared with ten minutes for a poly- 

sulphide rubber. 

(iv) Thermal Expansion. 

The coefficient of volume expansion was calculated to be 

6.65 x 10-4 per OC, i. e.. a. coefficient of linear expansion of 

2.2 x 10-4 per OC. 

Dilatometer results are plotted in the form of the dilatcmeter 

reading (as & v/v) against temperature in figure 6.21 to show the 

discontinuity at about 470C. 

(v) Water Absorption. 

Water uptake and loss are plotted (figure 6.22) for the ether 

extracted polyether rubber in the form M. t/U against ti where Mt 

is the uptake during sorption (or loss during desorption) at time 

, tI. Moo is the equilibrium water uptake,, which was about 15% by 

weight of the extracted rubber (equivalent to about 20% on the 

polymer). The slope of the linear region enabled. the diffusion 

coefficient of water into the polymer to be calculated from 

(Crank J. 1957); 

Mt/M = 2(Dt/W 12 
00 

The results were: 

Sorption, D=0.89 x 10- 
7 

CM. 
2 

sec. -1 

Desorption, D-2.96 x 10- 
7 

cm. 
2 

sec. -1 

Data for successive sorption - desorption cycles are given in 

figure 6.23 for both an unextracted specimen of polyether impression 

rubber material as well as the extracted rubber. 
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The full lines in figure 6.23 are for the theoretical rela- 

tionship (equation 2)9 based on the diffusion coefficients calculated 

above. 
QbC 

2y 
. 1.1)2 

222 M /M 1 -8/" 1/(2n exp --TrD(2n + 1) t/41 (2) 
n=o 

The data gained frcm specimens containing different amounts 

of thinner are given in figures 6.24 and 6.25. Figure 6.24 shows 

the decrease in sorption and desorption coefficients of the set 

rubber on adding increasingly larger amounts of the thinner. The 

effectsof thinner on the % weight variations of the specimen with 

time in the first sorption run are compared in figure 6.25 with 

the first sorption run for the ether extracted and unthinned 

samples. 

(vi) Dimensional Stability. 

The dimensional changes of samples of "Impregum" of thicknesses 

-1 and 0*5 mm when immersed in water are diown in figure 6.26. The 

graph also shows the increase in dimensional change when 50% thinneris 

added to the base paste prior to cure. 
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TABLE 6.3. 

(Analytical Data) 

Ash% 
Solvent Extract- 
able Material % 

Base paste 16 

Catalyst paste 35 - 
Set rubber 18.79 28.14 

Extracted set rubber 26 

N. B. Ratio by weight of equal lengths of base and catalyst 

pastes was 6.28. 

TABLE 6.4. 

(Composition of set rubber) 

Polymer 100 parts by weight (all in base paste) 

Extractable organic mArial 51.8 35.3 parts from base paste 

16.5 parts from catalyst paste 

Filler 35 26.0 parts from base paste 

9.0 parts frcxn catalyst paste 

N. B. Formulation expressed in terms of 100 parts by weight of 

polymer - conventional rubber technology usage. 
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TABIZ 6,5. 

Ccmparison of Visco-Elastic Data of the Polyether Rubber 

and Other Mapression Materials 

Material Shear Ndýlýs 
(G )-10 N/m 11 

Dissipative 
Modulus 
(G 

2 
)-, 10 

4N/m2 

GI /G 
2 

Polysulphide"': 

Light-bodied 2.58 1.81 0.070 

Regular-bodied 3.80 2.40 0.064 

Heavy-bodied 15.70 12.40 0.079 

silicone rubber* 6.87 2.46 0., 036 

Polyether. ýwbbber 22.70 14.90 0.065 

Polyether rubber 
Plus thinner 10*60 5.80 0.055 

"Kerrs Permlastic". Kerr Mfg* Co. Division of Sybronq 

Corp,, q Romulus, Michigang 48174p U. S. A. 

I'Veroneg G" Davis, Schottlands and Davis, LwAonv U. K, 
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M- 

140 
z 
301b 

0 

9 

> 

FIGURE 6.19 

plot of apparent viscosity (9 ) against shear rate for base 

paste (line labelled IT' is for base paste plus thinner) 

ccmpared with a heavy-bodied polysulphide base paste. 

Shear Rate (scO 
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40(t) 

time(mons) 

FIGURE 6.20 

D 

plot of (t), the fraction of torque remaining in the viscometer at 

time It' after shearing of the base paste had stopped. 

0 Base paste, shear rate 0.0139 sec-1. 
JO Base paste, shear rate 0.139 sec -1 

. 
C3 Base paste plus thinner, shear rate 0.139 sec-1. 



240 

9 

so 

40 

30 

20 

10 

a w 

0 

dp 
0Z/ 

0/ 411 
i*Z 
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FIGURE 6.21 

Plot of dilatometer reading as a function of temperature. 

0 Temperature increasing 

Temperature decreasing 
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FIGURE 6.22 

plot of water sorption/desorption behaviour of ether extracted 

polyether rubber, in the form suggested by equation 1. 

0 Sorption ODesorption 
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0 
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0 12 
.Z 
ß42-, 16 

FIGURE 6.23 

1000 

Comparison of water sOrption/desorption behaviour of ether 

extracted polyether rubber with the conventionally pre- 

pared polyether rubber. 

0 Extracted rubber 
X First sorption/desorption cycle of 

conventionally prepared rubber 
A Second cycle 
0 Third cycle 

100 

it 21 mi nl. 
2m 

m-. 
' 
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? 5ý 

BASE PASTE 

is 9 
x 
CP 

FIGURE 6.24 

plot of "thinner" content of base paste against the diffusion 

coefficients (D 
S and Dd) of the respective set rubbers. 
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INMAL SOAPT ION PLOTS OF 
IMPREGUWTHINNER MIXES 

la 
a; IQ 

0 10 
tý21. min. miL 

ETHER EXTRACTED 

56t THINNER 

SO'7c, TH INNER 

o 33% THINNER 

O%THINNER 

... I 
100 1000 

FIGURE 6.25 

Plot of the initial water uptakes of samples of "Impregum" 

containing different amounts of "thinner" against time. The 

initial water absorption of ai extracted sample of "Impregum" 

is also shown. 
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ýýo 

1-0 

0.5 

V 
16. 

c 

FIGURE 6.26. 

plot of dimensional changes of set polyether rubber immersed 

in water. 
01 mm thick specimen 

4 0.5 mm thick specimen 
0 0.5 mm thick specimenp 50% thinner 

added to base paste initially 
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6.6.5. Discussion 

M Chemical- Analysis. 

From the patent covering epimine elastomers it is possible 

to deduce much of the structure of the resin. The infra-red 

spectrum is dominated by a large ether peak and many of the peaks 

are coincident with those of the poly ethylene glycol (1000) spectra 

used for comparison. The peaks at 1515 and 3300 cm-1 are possibly 

those of a cyclic tertiary amine and the peak at 240 cm- 
I 

points 

to the possibility that the resin is based on the co-polymer of 

tetrahydro-furan and 1,2 epoxyethane. 

It would seem feasible therefore that the resin is the same 

polyether resin as described in section 6.2, i. e. 

The plasticiser spectra (figure 6.17) indicates that it is a poly- 

ether and that it contains hydroxyl groups. This would suggest a 

low molecular weight polyethylene oxide. The filler, a silicate, 

is present in quite low concentration; this is no doubt due to the 

stiffness of the cured polymer. Considering the nature of the base 

paste it is hardly surprising that it is found to harden in cold 

weather. 

The catalyst was unknown and many were given in the patent 

(G. B. Patent 1,054t635). The infra-red spectrum of the catalyst 

paste shows two peaks attributable to sulphonates (1170 cm- 11 and 

1342 an-') and 

The resin is compounded with a plasticiser and a filler. 
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also aromatic bands are present (Bellamy, L. J; 1957). It would 

therefore seem likely that the active component of the catalyst 

was an aromatic sulphonate. 

The hydroxyl peak in the catalyst paste would suggest that 

a low molecular weight polyethylene oxide had been compounded with 

the sulphonate to form the paste. 

The 'thinner' paste provided contains a phthalate and once 

again a polyethylene oxide. A small amount of filler was also 

present and this was found to be silica flour. 

The significance of the functional groups present will be 

discussed in conjunction with the physical properties they affect; 

howeverp it is interesting to note the predcminance of polyether 

groups and the small percentage of filler in the cured rubber. 

(ii) Rheoloqy of the Base Paste. 

Figure 6.19 shows that the polyether base paste exhibits very 

pronounced non-Newtonian effects, viscosity being very high indeed at 

low rates of shear; these characteristics are not greatly influenced 

by the addition of thinner. The high initial viscosity may cause 

problems in syringe use for the force needed to initiate flow 

through the nozzle would be high. However, once flow is initiated 

the viscosity drops and if the initial pressure required is 

acceptable the material may be used without thinner. 

The low shear stresses involved in flow under its own weight 

will mean that unstressed paste will be stiff and will heap well on 

the Impression tray. 
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The plateau in figure 6.20 is indicative of elastic recovemr, 

this is a common feature of polyethers, (Smith, K. L., et al, 1958), 

in viscous solutions. If elastic recovery occurs to any large extent 

during cure the result could be either a strained impression that 

would distort on withdrawal or the rubber may relax away from a 

given featurej thus creating a void. 

The theological behaviour is to be expected considering the 

high concentration of ether groupsq each one containing an oxygen 

lone-pair of electrons. The interaction between polymer chains 

would be expected to be high and that the rheological behaviour 

would be non-Newtonian and viscosities generally high. 

(iii) Visco-Elastic Properties. 

one striking feature with the polyether material is its very 

high modulus of elasticity compared with other rubber impression 

materials (Table 6.5). This may make a ccmplex impression difficult 

to withdraw. Its elasticity, as reflected by Tan 6 valuesq ccmpares 

favourably with polysulfide rubbers. Addition of thinner reduces 

modulus without loss of elasticity. 

Uv) Thermal Expansion 

The dil atcmetric plot shows a discontinuity at 490C; this 

feature is indicative of a melting point. Since the melting point 

of the ether extract residue is 48 0C it would seem feasible that 

the plasticizer was in fact melting at 49C and thus causing the 

discontinuity in figure (6.21). 
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The coefficient of expansion is somewhat higher than poly- 

sulfide impression materials (Andersong J. N. 1967), probably because 

the polyether has a much lower filler content than dental polysulfid'a 

rubbers. 

(v) Water Absorption and Associated Dimensional Changes. 

The main feature of the water absorption behaviour of 'Imprecw--il 

is its high equilibrium uptake. For an ether extracted specimen or 

a cycled' specimen the percentage uptake is 15%. This is very 

much higher than the equilibrium uptakes of polysulphides and silicone 

impression rubbers which are negligible (Andersonp N., 1967) 

Polyethers are well known for their affinity for water, and low 

molecular weight polyethers are water soluble, (Gaylord,, N. G.,, 1963). 

I: t is therefore not surprising that a polymer consisting mainly of 

polyether groups should have such a high equilibrium water uptake. 

The water absorption curve of the pure polymer shows the 

diffusion coefficient of the polymer to have a marked concentration 

dependance. In this case there is a higher diffusion coefficient 

for desorption than sorption. This is characteristic of polymers 

where the diffusion coefficient decreases with penetrant concentration, 

(Cranko J. 9 1957). This feature stems from the solvation power of 

water and bearing in mind the lone pair of electrons on each of the 

ether groups the water/polyether interaction would be expected to 

be considerable. 

When first placed in water the material has an apparently small 

equilibrium uptake (Broken line, Figure (6.22)). This is due to water 

extractable material diffusing nut at the -,, vne time that the water 



250 

diffuses in. This can be seen to be happening, for the water below 

the sample becomes striated as the more dense solution falls froff 

the face of the specimen. Further evidence for the extraction of 

water soluble ccmponents is given by the fact that considerably more 

than 4% by weight of water is desorbed on the first desorption, and 

there is a peak in the dimension changes observed; howeverg this is 

discussed more fully below. 

Subsequent sorption-desorption cycles produce behaviour similar 

to that of the ether extracted rubber, because of course water finally 

removes the soluble matter. This soluble matter may be the poly 

ethylene glycol referred to earlierg or sulphonated reaction 

products. There are departures frcm the theoretical line (figure 6,23) 

as the sorption data approaches equilibrium; this is also a charater- 

istic of the concentration dependant diffusion coefficient mentioned 

abovev (Craj*j J. g 1957). 

When the thinner is added to the base pasteg reductions in both 

the sorption and desorption coefficients are observed (figure 6,24). 

There is also a marked change in the character of the first absorption 

plot. As the thinner content is increased so the apparent equilibrium 

uptake increases (figure 6.25). It would seem that the influence of 

the extractable phase has been reduced, This is possibly due to the 

dilution of this phase with the phthalate in the thinner. The effect 

of diluting an extractable phase with an effectively unextractable 

substance would be to lower its weight loss in a given time, hence 

making water absorption the predcadnant process. 
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(vi) Dimensional Changes. 

Whilst the set polyether rubber exhibited changes of less than 

0.1% over some hours in airv considerable and anomalous effects 

occurred when the specimen was immersed in water (figure 6.26). on 

immersion in water, an initial expansion is followed by subsequent 

contractionv corresponding to the initial uptake of water followed 

by the loss of soluble material. Such effects are more pronounced 

in thin sectiong and are particularly pronounced if thinner has been 

added(figure 6.26) 

The dimensional instability of the thinned specimens is to be 

cxpected when one considers the water absorption data discussed 

above. The relative dimensional 'stability' of unthinned 'Impreguml 

is fortuitousy for the possible e3tpansiolh on the uptake of water is 

counteracted by a loss of water soluble plasticizer. The effect of 

the thinner is to reduce the fractional loss of weight of the speci- 

men. The resultant increases in uptake results in an increase in 

the expansion observed. 

It is clear therefore that prolonged exposure to water should 

be avoided; impressions should be immediately dried after washing. 

if the impression is to be plated, a 'strike' should be obtained as 

soon as possible. 
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6.7* Conclusions 

6.7.1. General 

The polymerisation of N-substituted epimines is well suited 

to oral conditions. There is minimal interference from the oral 

environment and the reaction rates are fast at 37.40C, or even at 

room temperature. 

The colour stability of the armatic sulphonate cured epimines 

is very poor and precludes any long term use of such resins in 

aesthetic applications* However,, there are marry other catalyst 

systems available and it is possible that a nonýarcmatic catalyst 

would produce a colour stable product. 

6.7.2. Bis-phenol A Based Temporary Crown And Bridge Material. 

The bis-phenol A based resin has very poor mechanical prop- 

erties. Its viscoelastic characteristics were also suspect and the 

T9 was very low, However,, the low T9 would have been acceptable 

but for the effect of absorbed water on the physical properties. 

The depression of the mechanical T9 of the polymer as a result of 

water absorption precludes the resins use in the mouth for periods 

longer than two months. A low degree of polymerisation is respons- 

ible for the low T9 and poor physical properties. This is a common 

failing of low temperature fast cured viscous resins and can only 

be solved by post-curing the resin. 

The ethylene imine temporary crown and bridge material has 

howeverg two very important advantages over acrylic resin: 
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(1) The setting reaction is only slightly exothermic. (2) There 

is no free monomer. The setting process involves a cross-linking 

reacticn. The catalyst liquid consituting only 4% of the material. 

The mechanical weakness indicates that considerable care will 

be needed with appliances of any complexity. The general physical 

properties are such that other than temporary use is not indicated. 

6.7.3. Polyether Based Elastomer. 

The polyether rubber when used uncMpounded is a very stiff 

and somewhat friable rubber. Therefore large amounts of plasticizer 

are added to reduce the stiffness of the cured polymer and to im- 

prove the rheology of the uncured paste. The polyether diluent 

also reduces the surface tack of the cured rubber. 

The base paste exhibits very marked non-Newtonian viscosity 

behaviour, and pronounced elastic effects at low shear rates. The 

non-Newtonian behaviour may have advantages in practice, and would 

seem to make the use of a thinner unnecessary. It is difficult to 

assess the clinical significance of elastic effects at low rates of 

shear. 

A high elastic modulus combined with only moderate resistance 

to tearing means that rare is necessary in removing large and com- 

plicated impressions, and that following the manufacturers 

instructions is essential. 

The polyether rubber has very good dimensional stability in 

air; however it has a high affinity for water. In practice 

dimensional stability in contact with water is affected by both 
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water sorption of the polymer and by the extraction of water soluble 

material present in the material, possibl, glycol ethers. Such 

effects are most serious in thin sections, and are worsened con- 

siderably by the addition of the thinner; the latter is therefore 

of doubtful value* Hence,, with this polyether material care is 

necessary to avoid prolonged contact with water. This susceptibility 

to water constitutes the most serious defect of this material. 

Thermal expansion is higher with the polyether than with 

other rubberst probably because it has a low inorganic content. 

6.7,4., The Scope for Futher Developments. 

The defects of the current elastomeric material are clearly 

(a) its susceptibility to water consequent on using a polyether 

parent polymer; (b) high stiffness ccmbined with moderate strength 

(even when reinforced with filler) as a probable consequence of the 

cross-linked network being based on a low molecular weightv end 

cross-linked system* (Treloarp L. R9G. 1958). There would seem to 

be considerable promise in fluid polyolefines as the starting poly- 

mer,, for example fluid butyl rubber* With its limited unsaturation 

it would, when reacted with ethylene imine, give material with 

cross-linking sites along the main chains with resulting improvements 

in mechanical properties and of course no susceptibility to water. 

Anionic polymerisations can be terminated by many different 

groups, Hence low molecular weight polymers such as poly (vinyl 

chloride) or poly (ethylene) could be produced with end groups 

to which ethylene imine could be attachede In this way a wide range 
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of rocim temperature curing polymers could be produced. Furthermore 

stronger and more colour stable products might be produced by the 

use of catalysts other than arcmatic sulphonates, and by post 

curing the castings at elevated temperatures. 
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APPENDIX I 

PHYSICAL TEST METHODS 
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Rheoloqy. 

Specimen. 

Any non-volatile fluid. 

Apparatus. 

Viscosity measurements are carried out using a Weissenberg 

rheogoniometer. The essential features are shown in figure W. 

The bottom platen is driven by a 60 speed gear box allowing a range 

of speeds from 10-5 to IOrps. The gear box is fitted with a clutch 

to allow the lower platen to be stopped almost instantaneously; 

this is useful when elastic after-effects are to be observed. The 

shear stress on the specimen is transmitted to a torsion bar, the 

movement of which is recorded by a transducer-amplifier system. 

Procedure. 

The distance between the cone and plate is accurately set 

using the transducer mounted on the vertical main post. The paste 

or liquid is then placed on the lower platen and the upper platen is 

wound down to the height above the cone set in the previous operation. 

The cone is then rotated at a known speed and the torque transmitted 

to the top platen is found by accurately measuring the displacement 

of the torsion bar(M )by means of the horizontal transducer. Three 

torsion bars are available and allow the study of a wide range of 

viscosities. 
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Figure (i) The Weissenberg Rheogoniomelor. 
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Treatment of Data. 

In a cone and ; late viscometer there is a constant rate of 

shear (or-) across the instrument. This rate of shear is related 

to the cone angle (6), and the constant angular velocity (tAl ) of 

the lower plates by 

/Tan 16 

The shear on the specimen is transmitted to the torsion bar 

and hence the Torque (G) can be recorded. The shear stress (r) 

is calculated frcxn 

" rw 
= 12G/""- d3 where d is the plates 

diameter. The apparent coefficient of viscosity (p) is given by 

)L - 
T/05 

Hence by knowing the angular velocity of the plates, the torque 

transmitted to the top plate and the geometry of the platens the 

viscosity of the fluid between the platens can be calculated. 
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Flexural Strength and Young's Modulus. 

Specimen. 

The specimen used is cut from a flat plate 2 mm. thick. The 

edges are machined parallel using a milling machine. The milled 

edges are then finished using a Milleny cut file and fine 'wet and 

dry' paper. Such a finish stops 'edge failure' of the specimen. 

The dimensions of the strip are 0.2 x 0.5 x5 cm. Finally two small 

vee slots are cut in the strip at one end to allow weights to be 

hung from the specimen. 

Apvaratus. 

The apparatus consists of a parallel faced clamp at the top 

of a sturdy postq (see fig. (ii)). The post is bolted to the 

bench. A travelling microscope is used to measure the deflection of 

the loaded end of the strip, 

Procedure. 

The specimen is placed in the jaws of the clamp and the jaws 

closed until a slight pressure on the specimen is felt* The strip 

is checked to be at right angles to the clamp using an engineer's 

square and then the clamp is tightened. Over tightening the clamp 

will lead to premature failure. The travelling microscope is then 

focused on the vee-slot facing the microscope and the cross wires are 

brought level with a feature (preferably circular) on the edge of 

the specimen adjacent to the vee slot. Weights are then hung on 

the specimen and the deflection measured using the travelling micro- 

scope. The weights remain on the specimen for the shortest time 

possible, thus avoiding excessive permanent deformation. 
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Figure (ii) Clamp used in Flexural Strength and YoungIc 
Modulus determinations. 
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AS defonmtiaw beccow largo thevd4z*eCOPS pmdIngs shadd 

cease, because the length of time that the specimen is loaded is 

too long* 

Progressively heavier weights are hung fr(xn the specimen until 

it breaks. Five minutes is allowed between each loading to allow 

for recovery within the sample. The specimen is never stressed for more 

than three or four seconds. 

The stress at failure of the first sample is taken as an 

indication of the flexural strength. However, a second specimen is 

then placed in the jaws and a more accurate loading procedure is 

followed. In this case weights are added only 5 grams at a time and 

the stress applied for only a moment. No deflection readings are 

takeno for the second specimen is only used to determine flexural 

strength. 

When the specimen does break its cross-sectional measurements 

are accurately measured using a micrometer and the length from the 

break point to the datom point used in the deflection experiment 

is measured using a travelling microscope, 

Treatment of Data* 

3 -2 Youngfs modulus = 4L g dynes cm. . 

Sd 3b 

ý2 Plexural. strength = 6gLM dynes Cme a 

d2b 

where Sr-slope of the plot deflection versus load. 
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L-- Length of cantilever. 

g= acceleration due to gravity (98, cm. sec-2 

d= thickness of sample. 

b= width of sample* 

M= load at break. 
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Tensile Strength. 

Specimen. 

The specimens were cut frcm 5 mm. thidc plate of material; 

the plate was first cut into I inch wide strips. Each specimen was 

milled to the size and shape shown in figure (2.5) using a4 inch 

diameter cutter on a horizontal mandril. A slow speed was used to 

avoid chipping the edges of brittle samples. 

Apparatus. 

Each sample was broken in a Houndsfield tensometer. The jaws 

used were of the self tightening type. 

Procedure. 

The sample preparation is most important and the highest 

polish practical should be achieved on the plates. The machining 

cannot be rushed and an examination of the machined edge is imperative 

if specimens are not to be wasted dtiý to premature edge failure. 

The samples were broken by a straight pull and the load at break 

noted. The cross-sectional dimensions of the fractured specimen 

at the point of failure was measured using a micrometer. 

Tensile stress at break (cr-) m 
2' 3. d 

M= load at break 

d= thickness of sample 

b= width of sample 
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Water Absorption Behaviour. 

Specimen. 

The specimen must be solid and if a theoretical treatment is 

to be carried out on the data it must be of a regular shape. The 

samples used in the experiments referred to in this thesis are all 

flat plates (section 1.4). The size of the sample is not importantt 

however too small a sample will lead to difficulty in detecting 

fluctuations in weight. 

Apparatus. 

The water that is absorped must be at a constant temperature, 

hence a thermostated bath is essential. Flucuationsin weight are 

often very smallq hence a balance capable of detecting fluctuation 

of : 0.2 mg. is necessary. 

Procedure. 

Each sample is weighed and then placed in water at a given 

temperature. The sample is removed periodicallyp the surface 

moisture is removed with dry number I filter paper and weighed quickly 

and then returned to the water again. This procedure is repeated 

until the sample has had a constant weight for two weeks or more. 

The sample may then be desorbed by placing in an oven containing 

desiccant immediately after the last sorption weighing. The oven is 

kept at the same temperature as the water bath and the sample is 

removed periodically and weighed. This sorption/desorption cycle 

is repeated until reproducible sorption behaviour is maintained. 

This is important in those samples containing water soluble 

components. 
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Treatment of Data. 

The theory governing water ahsorption is given in section 

1.4. 

To Find the Sorption Coefficient D. 

Plot !! 4ia versus t' 
MOO 

t= mass uptake or loss at time t 

M= equilibrium uptake or loss bo 
The initial slope of the curve has a gradient of 2ff, 

12 72 if 
frcm which D is calculated. I 

Substitution of the value for D in the equation 1.8a (see 

Appendix 2) will give theoretical values Mt at specific values of 
U 

t. Hence the theoretical experimental curves of ! it versus t may 
M. 00 be plotted and compared. Comparison of the experimental and 

theoretical curves gives information about concentration dependence 

of the sorption processesp (see section 1., 4.4), 
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Viscosity Average Molecular WeiSbt (One Dilution Method). 

Sample. 

A solution of the polymer of interest is made using a suitable 

solvent. The K and a values (see calculations below) for the 

solvent polymer pair should be known or determined using a sample 

of the polymer of known viscosity average molecular weight R; 
v 

the concentration required must be determined by trial and error, 

howevera relative viscosity of between 1.5 and 2.05 is desirable for 

this method. 

Apparatus. 

An Ostwald U-tube visccmeter, grade A and very clean, is used. 

Also a stop watch reading tol of a second is also necessary. 10th. 

The exact capillary size of the visc(xneter depends on the viscosity 

of the solvent used. A thermostated water bath is also essential. 

Procedure* 

The water bath is raised to the temperature at which the K 

and a values known for the solvent/polymer pair are relevant. The 

solid polymer is weighed out accurately and dissolved in the solvent 

and then the weight of the solution is determined. The solution i's 

placed in a sealed vessel (i. e. a graduated flask) and raised to the 

temperature required in the thermostat bath. The viscometer is also 

raised to the same temperature as is a sealed container of pure solvent. 

once all c=q=ents; are at the correct temperature the pure solvent 

is transferred to the viscometer via a number 4 sintered glass filter. 

The excess solvent is withdrawn using a syringe, The solvent is then 

drawn by vacuum into the bulb above the capillary and then allowed 
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to fall freely back through the capillary. The time for the liquid 

level to fall between the two marks on the bulb above the capillary 

is measured using the stop watch. This procedure is repeated three 

times. If the flow times vary by more than 0.3 secs. the visco- 

meter should be thoroughly cleaned and dried and the experiment 

repeated. The solvent is then discarded and the flow time of the 

polymer solution determined in the same way. 
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Data Calculation. 

Reading-p- azý- 

Solvent flow time TI 

Polymer flow time T 
, 

Relative viscosity It rel 

Specific viscosity )& sp 

(From Schulz and Sing, 1943): 

Ideal viscosity )Lideal 

ideal 
c 

T2 

= 'Lrel 

1+0.28 lisp 

'R - (-A) ,K 
v 

CýL] - intrinsic viscosity 

R- viscosity average molecular weight v 

C- concentration of polymer in solution (grams/dl) 

K+a are constants of the system studied. 
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Tinpact Strength. 

Specimen. 

A rod of the material is turned on a lathe to a constant 
it it 

diameter of 
5. 

The rod is then cut to length'(14 ) and a V-notch 16 2 

is cut into the rod using a notching machine (fig. YV-). 

Apparatus. 

A Houndsfield plastics impact tester was usedq fig, (V )q to 

break the specimens, 

Procedure. 

An estimate of the impact strength of the material is made and 

a tup of the correct weight is fitted to the machine. Impact 

strength is measured by the retardation the specimen imparts to the 

tup upon fracture. This is done by measuring the reduction in the 

swing of the tup immediately after fracturing the specimen, 

Before use the normal swing of the tup is measured by allowing 

the tup to swing from a standardised heights The tup moves a pointer 

across a scalet and the drag of the pointer is adjusted so that the 

tup moves the pointer from its start position to the zero energy 

point on the scale. Once set a sample is placed in the path of the 

tup and the notch is placed facing away from the tup and directly 

in its path. This is done by use of a positioning bar, which once 

used is swung down clear of the tup. The tup is released and the 

reduction in swing caused by fracturing the specimen is indicated by 

the pointer. The scale is calibrated for the specimen size that is 

used and allows the impact strength to be read directly. If the 

reading on the scale does not fall between 0.2 and 0.8 a more 
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Figure IV The Hounsfield Impact specimen notching machine. 
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Figure V. The -., Ioum3fitýld illasticlýý lmpý, ct. Tust,. L.. 
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suitably weighted tup should be used. 

Treatment of Data. 

Because the scale on the machine is calibrated for aI lb. 

tup the impact strength in lb. ft. per inch of notch is the scale 

reading multiplied by the weight of the tup in lbs. 
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Dimensional Stability of-Impression Rubbers with Time. 

Specimen 

The specimen is a flat strip of rubber 5 mm. x5 mm. x2 mm. 

The rubber is cast between glass plates 2 mm. apart and then cut 

into parallel strips using a scalpel. 

Apparatus. 

A perspex trough containing mercury is usedq figure (VI). A 

metal spike cemented into the base of the trough secures one end 

of the rubber, Another spike is attached to the other end of the 

rubber; this spike is free and moves with the rubber. A travelling 

microscope is used to measure the distance between spikes. 

Procedure. 

The "free" spike is attached to one end of the rubber strip 

ensuring that it is at right angles to the surface. The other end 

of the strip is impaled on the fixed spike and pushed down until 

the lower edge rests on the mercury9 (see Fig. (VI)). The distance 

between spikes is then measured using a travelling microscope and 

the time of each reading noted. Where dimensional stability in water 

is required the seimple is covered in water before reading cemmences. 
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Figure VI The mercury bath contairinE,, a specimen of Tripresoion 
rubber. 
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Viscoelasticity. 

Specimen 

The specimen is cut to the shape shown in fig. (VIII) from a 
flat plate 2 mmo thicke The specimen should be free from porosity 

and contain no cradca or tearso The final finish of the specimen 

is obtained by milling. 

Apparatus. 

7he plates (I) and (11) show the torsional pendulum. The 

sample is clamped in the position shown and the height of the arm 

A adjusted so that the torsion wire (T) and the specimen (S) are 

held upright but not under tension. The inertia bar assembly is 

then placed in position as shown* The assembly consists of two 

balanced inertia bars (I I 
and In) and a parabolic mirror M. The 

mirror is used in conjunction with a lamp and scale to measure the 

relative amplitudes of the specimens ever decreasing oscillations. 

The specimen is enclosed in a vacuum jacket (J) thus allowing the 

temperature of the enclosed chamber to be raised by the heating 

wire (H) or cooled by passing cold air through tube (C). The air 

in the chamber is stirred at a constant rate by fan (F) driven by the 

electric motor 06 situated below the stage. The temperature in the 

chamber is measured using three thermocouples (not shown) connected 

to a potentiometric bridge. 

Procedure 

The specimen was first measured using a micrometer, it was 

then clamped in positiont the inertia bars placed in position and 

the vacuum jacket lowered* The temperature at which the experiment 
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Plate Q) The Tortional Pendulum. 

5 cm. --I 
thickness 0.2cm. 

. e. -j0 ý0.35 
cm. 

Figure 1II Dimensions of the tortional pendulum specimen. 
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is to take place is obtained by switching on the circulating fan 

and either blowing cold air into the chamber or using the heating 

coil. When the desired temperature is reached the sample is given 

+-hour to thermally equilibrate. The period of oscillation of 

the system is then obtained by displacing the inertia bars and 

allowing the assembly to swing freely about its vertical axis, 

The period of oscillation is timed using the lamp and scale, the 

period being the time taken for the image reflected from the mirror 

on the inertia bar assembly to swing through a given point and 

return, travelling in the same direction. 

The length of period is adjusted to an acceptable time by 

varying the size of inertia bar. The larger the bar the slower 

the period. 

once the period is correctly adjusted the bar is swung again 

and this time the amplitude of the oscillations are read off the 

scale. Hence a reasonable slow period of oscillation is desirable 

if readings are to be accurate* 

Upon calculating the stiffness of the specimen if it is found 

to be nearly that of the torsion wire the wire should be changed 

for one of different stiffness. 

Using this apparatus the frequency dependence of viscoelastic 

properties can be measured by varying the weight of inertia bars 

used. The viscoelastic parameters of interest are: 

GI the real part of the shear modulus. 

G2 the Imaginary or dissipative part of 

the shear modulus. 
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Plate Il. Thcý TDrSionai P,, xlý, uium ; ýIjowinU, and 
heaters. 
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which may be simplified to 

Gcs LF where 
L= length of sample 

(2a) 3 (2b) 2b = the width of sample 

2a = the depth of sample 

the tem P has been found by Timoshenko for a wide range of ratios 

of a to b and hence reference to Tiaosbenkdl s graph greatly simplifies 

calculation, (Timoshenko, So and Goodier, J. N., 1957). 

Hence knowing GI and T&nS ,G2 is found by substituting into 

equation (1). 
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Volume Expansion. 

Specimen 

The dialotometer specinlen is cast as a cylinder I cm in 

dianiter and 6 cm long. Wire is inserted into the specimen to hold 

it clear of the sides of the dialotometer. The expansion of the 

metal wire was found to be itxsignificant in comparison with the 

expansion of the polymeric specimen. 

Apparatus. 

The apparatus consists of a pyrex glass tube with a detachable 

tap at one end and a precision capillary tube at the other (-ff)e 

The ground glass joint and the tap are of high vacuum quality and 

are held in place during the experiment by clips. A thermostatic 

water bath is used for temperatures from 30-600 C and an oil bath 

from 50-120 0 C* Various ice slushes are used for low temperature 

studies. The dialotometer is placed against a fixed scale when the 

level of mercury in the capillary is read, Though a greater accuracy 

is gained by using a travelling microscope. 

Method. 

The cone and socket are very lightly greased and no excess is 

allowed to enter the expansion chamber. The specimen is placed in 

the tube and the tap is replaced and secured with wire. The lower 

end of the dialotometer is placed in a crucible of mercury and the 

capillary and sample chamber are evacuated. A little mercury is let 

into the chamber and the evacuation continued. The mercury is then 

allowed to slowly envelope the sample and rise up the capillary, the 

tap is then closed, In this way the chamber should be free of air 
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to vccum pump 

cap! Ipry tu bing 

sample supported 
by stainless steelvAre 

tmercury 
in 

Figure VII The dilatometer, 
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and grease, both of which will have high coefficients of expansion. 

The bulb of the dialotometer is. then immersed in a thermo- 

static bath and the temperature of the bath varied over the 

temperature range of interest. Adequate time should be allowed for 

equilibration and the level of mercury in the capillary tube should 

be steady for at least twenty minutes before a reading is taken. 

Readings of the volume expansion are taken by measuring the height 

of the mercury column either by using a scale or a travelling 

microscope. 

At the end of an experiment the mercury in the bulb is weighed 

and the density of the specimen is estimated by weighing it in air 

and in waterb Each dialotometer must be calibrated by first doing 

the experiment with no specimenj just mercury in the bulb, In this 

way the expansion of the glass can be allowed for mid the true expan- 

sion of the specimen calculated* 

Treatment of Data., 

Calibration. 

A plot is made of column length versus temperature for the bulb 

filled only with mercury. The weight of mercury in the bulb is found 

and also the bore of the capillary is determined. 

Let the slope of the plot of length of column (1) versus 

temperature (T) be g. 

9 XIF (d )2= VI where d is the bore of the capillary tube 
C 

*** Apparent expansion coefficient of Hg -VIDI-I 
M Hgy 
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where MI- weight of mercury 

DI= density of mercury 

if the expansion coefficient of glass is ýg 
and the realeH 9 

. 1.81 x 10-4 

then 
Yg1 

.1x 10-4 = XHg 
- "S 

s 
Calculation ofy for a sample. 

Let the slope of a plot of I versus T be gs 

41*0 (V/oc)s =9x 
-17' (d) 

V 
s4-s 

VVVY 
-V Y (1) s Hg Hg Bulb g0000000 

VHg volume of Hg i. e. weiqht of Hq 
13.53 

y 
Hg w 1.81 x 10-4 oc -1 

V Bulb ' volume of H9 when no sample is presentg ie. M 

D 

found in the calibration 
9 

V8 is found by weighing the sample in air and then in water, 

knowing the density of water the volume of the sample can 

be founde 

Hence the vs 
of the sample may be found frcm equation (, I), 
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APPENDIX 2 

A COMPUTER PROGRAMME FOR THE ACCURATE DETERMINATION OF 

THEORETICAL WATER ABSORPTION BEHAVIOUR OF HOMOGENEOUS 

SOLIDS. 
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The primary aim of the programme is to calculate theoretical 

mass uptake values at given times for samples of known size. The 

equation used to do this is: 
CIO 

Mt -18Z12 exp. DTr2(2n - 1)2t 

MOD 
TP, 

n0 
(2n +I) 41 2 

The programme requires to know the change of weight with time 

of the absorbing specimen. Also the original weight of the specimen, 

its thickness and the number of weight readings taken. In the 

summation above n can be any interger, howeverg since the answer 

is only given to fourteen places of decimals n- '10 is more than 

adequate. 

The prograyme calculates sorption coefficient (D) from the 

experiment mass uptake data. Other useful parameters are also 

cAlculated, i. e. % uptake andq Mt/g, (experimental) with time and 

also with #E/Ml. 

DATA INPUTt 

DATA 

I card showing number of absorption 

readings taken (N) . 

N cards showing time of reading in hours 

(T(I)) and minutes (THM) and the weight 

of the sample in grams W(I). I set of 

data to a card 

FORMAT 

13 

F5.09 F5.19 F8.4 
respectively. 
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I card showing initial weight (WO), F8,4, F7.4,13, 
13. 

thidcness of sample (TOL) in cm., 

the number of the reading at which 

either the maximum uptake or loss 

occurred (MikXF) and a number 

estimating how many readings fall 

in the linear section of a plot 

of Mt versus (M2). 

MOO P421- 

card saying how many times the 12. 

summation in the theoretical 

equation is to be repeated 

I card carrying numbers 0- (I-K) F3.0. 

1 card carrying the cycle number (13) and 12, F6.2. 

the run temperature in 0C (TEMP) 

card denoting either sorption or Ti. 

desorption, i. e. I for sorption, 2 for 

desorptionp (this determines the format 

of the printout), 

card number 99 if another batch of 

data is to followp any other number if not 12. 
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WE PROGRAMME: 

DDUNSION T(200)tW(200)lSQT(200), DW(200)tPERS(2OO)9A6(200)9 

IL(20)tR(200)qTH(200)pV(200) 

50 READ (5,100), N 

too FORMAT ( 13) 

DO 300 I-1, N 

110 F`ORNAT(FS, 0tF5.1, F8X 

READ (5q110)T(I), TH(I)jW(V 

T(I)-TH(I)+(T(1)060.0) 

T(I) -T(l) * 60.0 

300 CONTMVJE 

DO 200 I=19N 

SQT(I) =SQRT '(T(l) 

200 CONTINM 

120 FORMAT(F8.4iF7.49213) 

READ (5q120)W0vT0LvMAXFqM2 

TOL-TOL/110*0 

DO 400 1=19N 

DW(I)=010 

DW(I)=ABS (W(I)-Wo) 

PERS(I)=DW(I)/Wo 

SQT(I). (SQT(i)/ToL) 

400 CONTIPM 

BaDW(MAXF) 

DO 900 I=-JON 

R(I)=DW(I)/B 
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900 -CC147NUE 

AU0.0 

A2-0.0 

A3-0,0 

A4=0.0 

A5=0.0 

DO 450 1-1, M2 

AI=AI+R(l) 

A2=A2+SQT(I) 

A3-A3+R(I)OSQT(I) 

A4wA4+R(l) "-ý 2 

A5=AS+SQT(I) "2 

450 CONTINUE 

PI-3,1415926 

Dm(M2*A3wAl*A2)/(WM2-Al**2) 

D-19 O/D 

Dn(D*02'Pl)/16.0 

EROR-(A4=(A3002/AS))/((M2-1)*SORT(A5)) 

150 P0144AT(12) 

READ (59150) K 

DO 430. J-19 K 

160 MRMAT(F3.0) 

READ (59160) V(j) 

430 CONTINUE 

DO 001 I-1, N 

A6(1)=O. o 
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001 CONTnM 

DO 880 I=IPN 

A7=0.0 

DO 860 J-11 K 

A7=A7+((I. O/((V(J)02.0+1.0)0*2))OEXP(((-I*O)*(PI*02)*D*((V(J)02.0+ 

11.0)*42)*T(1))/(4oO*((TOL/2,0)0*2)))) 

860 CONTINUE 

A6(I)mA7 

880 CONTINUE 

DO 1870 1-19N 

A6(I)wl, 0w((8. O/(PI**2))*A6(I)) 

870 CONTINUE 

640 FORMAT(12, #P6.2) 

READ(59640)139 7EMP 

650 F01MV11) 

PEAD(59650)14 

3: F(149BQtl) 00 TO 660 

IN149EQ12) GO 70 670 

660 WR ITE (69960)13914 

960 FORMVIH . 19H SORPTION DATA RUN(*j3p*H. q12q*H)) 

680 F`OfMT(lK . 20HSORPTION COEF. MwýE14.817H ERRORwqE14.8) 

WRITE(69680)DgEROR 

00 TO 940 

670 WRITE (6 99 70) 13 9 14 

970 FORMATOR 21H DESORPTION DATA RUNG 13v-lH.,, -12.9-JH)) 

WRITE(69690)DlEkOR, 
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690 FORMAVIH, 22H DESORPTION COEF. (D) - 9E14.8,7H ERROR=pE-14.8) 

940 WRITE (61,920) WO, TOL 

920 FORMAT('lHq IH, IH, 22H INITIAL WHT. (GRAMS) %, E10.4.32H THICKNESS 0 

IF SPECIMEN (M. M. ) = E10.4) 

700 WRITE(6,910) 

910 FORMAVIH 049H TIME(MINUTES) WEIGHT OF SPECIMEN (GRAMS. )) 

DO 550 I=IN 

WRITE (6,510) T(I), W)I) 

5-10 FORMAVIH 4H E14.8,4H E14.8) 

550 CONTINUE 

560 FIORMAT('IH 169HSQR. ROOT OF T/2L M(T)/M(INF. ) (EXP) M(T)/M 

J(INF). (7 HEO RY) W(T)/W(O) 

WRITE(69560 

DO 580 I-ljN 

570 FORMAVIH j1H E14.8,3H E14.89 5H IE14.81 5H 9E14.8 

WRITE(69570) SOT (I)p R(I), A6(I)q PERSW 

580 CONTINUE 

590 FORMAVIH 914H TEMPERATURE w F7.2,10H DEGREES C) 

WRITE(69590)TEMP 

INTEGER CONT 

7 FORMAVIV 

READ(5,7)CONT 

If (CONT. EQ. 99) GO TO 50 

END 
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DATA OUTPUT 

SORPTION DATA RUN( 1.1) 

SORPTION COEF. (D)=pO. 34988423E-08 ERROR=O. 19020873E-06 

INITIAL WHT. (GRAMS) --0.6985E 00 THICKNESS OF SPECIKEN(M. M. )=0.76OOE-01 

TIME (MINUTES WEIGHT OF SPECIMEN (GRAMS. ) 

0.30000000E 03 0.69860000E 00 

0.16200000E 04 

etc. etc. 

SOR. ROOT OF T/2L M (T)/M(INP. ) (EXP) M(T)/M(INF). 

0.22790142E 03 0.10309279E-01 0.47456434E-01 

0.52959505E 03 0.51546392E-01 0.74389370E-o-I 

etc. etc. 

0.69900000E 00 

etc. 

(THWRY) W(T)/W(O) 

0.14316393E-03 

0.71581962E-03 

etc. 

TEMPERATURE = 37.40 DEGREES C 
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