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1. INTRODUCTION 

For any restorative dental material, failure of a restoration can occur from 

lack of retention, high solubility, excessive microleakage, marginal breakdown, 

excessive wear or bulk fracture. Dental resin composite restorations, touted as a 

possible replacement for amalgam, have been found to fail by microleakage, 

marginal breakdown, excessive wear and bulk fracture. Usually two or more of 

these mechanisms operate simultaneously. Marginal breakdown, wear, and bulk 

fracture are all related to fracture processes which occur within the material and 

account for, at least in part, the majority of failures of dental resin composite 

restorations. In order to improve the clinical performance of dental 

composites, it is important to understand the fracture processes which occur. 

Fracture can be studied from two distinct approaches. The traditional 

method has been to look at strength measurements. Tensile strength 

measurements and/or compressive strength measurements are longstanding and 

frequently used for engineering design. However, there is a big distinction 

between mechanical strength characteristics of ductile and brittle materials. 

Ductile materials typically have a very low degree of variability in strength 

measurements. For example, for a given type of steel, strength 

measurements will have a very low standard deviation about the mean. Thus, the 

strength measurement for the ductile material is very reliable. Brittle materials, on 

the other hand, have a very high degree of variability in strength measurements. 

For example, for a given porcelain, strength measurements will have a very 

high standard deviation about the mean. Thus the strength measurement for the 

brittle material is not reliable. This high variability of measurements in the brittle 

material is not related to poorly controlled specimen preparation, but is an 
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inherent characteristic, due to the material's inability to deform plastically under 

increasing stress. Another approach has been developed for describing strength 

which is particularly useful for brittle materials, that of fracture mechanics. 

The fracture mechanics approach to the failure of materials was first 

introduced by A A Griffith. It had been noted by the British Royal Air Force 

Establishment that the surface treatment-filing, grinding or polishing-of machined 

parts effected their fracture strength. C. E. Inglis presented a paper in 1913 which 

concluded that the presence of cracks or sharp corners in a material increased the 

localized stress in that area.l In 1920 Griffith was the first to relate the presence of 

flaws and the resulting increase in localized stress to the fracture strength of the 

materiai.2 In doing so, he was able to explain why the theoretical strength of 

materials-which was based on energy required to break the molecular bonds-was 

several orders of magnitude higher than measured fracture strength. He argued 

that failure occurred in all materials from pre-existing flaws in the material. These 

flaws acted as stress-raisers in that localized area. The increase in stress is 

inversely proportional to the crack tip radius and necessarily had to reach the 

theoretical fracture strength or failure could not occur. These statements were 

extraordinarily bold at the time, but Griffith reinforced his theory by 

experimentally measuring the tensile strength of a flawless glass fiber at 1,000,000 

pounds per square inch (psi) which is its theoretical fracture strength. Griffith2 

concluded about his landmark work: 

' From the engineering standpoint the chief interest of the 

foregoing work centres round the suggestion that enormous 

improvement is possible in the properties of structural 

materials. Of secondary, but still considerable, importance is 

the demonstration that the methods of strength estimation in 

common use may lead in some cases to serious error. ' 
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The theories of Griffith have been further developed and quantified. The 

fracture toughness quantifies the stress necessary to cause fracture from an existing 

flaw in the material. Time dependent failure (fatigue failure), also discussed by 

Griffith, involves the propagation of cracks at subcritical stress intensities. 

Static fatigue describes a material under a constant low stress, while cyclic fatigue 

describes a material under alternating stresses. It has been found that fatigue 

failure is strongly influenced by environmental effects and this interaction is 

frequently termed stress corrosion. The foci of these studies are to critically 

evaluate the methods currently being used to measure fracture toughness of dental 

resin composites, to develop improved techniques for measuring fracture 

toughness, and to determine whether stress corrosion at very low stress intensities 

occurs in these materiitls. 

Traditional methods of evaluating dental restorative materials have dealt with 

compressive or tensile fracture stress. However, with brittle materials, these tests 

are seriously limited because small, localized defects dictate the overall 

performance of the material. Compressive fracture stress for brittle materials has 

been shown to vary with specimen geometry, specimen size and lateral pressure. 

Uoyd3 questions the validity of diametral testing due to the assumption that tensile 

failure is independent of other principal stresses which are present in the diametral 

test. Fracture mechanics is a more fundamental approach for evaluating the failure 

of brittle materials. 

Fracture toughness is the measure of a material's resistance to crack 

propagation and is an intrinsic property of a material. The measurement of 

fracture toughness requires a knowledge of specimen geometry and a pre-existing 

crack within the material. The internal stress field at the tip of the crack must be 

determined. This is dependent on the geometry of the specimen as well as the 

geometry of the crack. The measure of internal stress at the crack tip under a given 
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applied load is the stress intensification factor, K. The stress intensity at which 

crack instability occurs is designated Kc. This critical stress intensity varies 

depending on the tri-axial stress-strain conditions. Under plane strain conditions 

and in the tensile mode of loading, crack instability occurs at a minimum Kc and is 

designated the fracture toughness, Klc· 

Several different specimen geometries have been used to measure fracture 

toughness of dental materials. Lloyd3,4,5,6 has used a single edge notched 

specimen (3 mm x 6 mm- x 34 mm) with a geometry conforming to the British 

standard B5.5447.7 A "pre-crack" was placed in the specimen using a straight 

edged scalpel blade inserted into the composite during polymerization. DeGroot8 

also used a single edge notch specimen, forming his "pre-crack" with a 0.15 mm 

diamond disk. Goldman9 used a double torsion specimen (10 mm x 30 mm x 2 

mm) conforming to the technique developed by Outwater.10 The "pre-crack" was 

placed using a Isomet 11-1180 low speed saw with a Buehler 0.012" diamond wafer 

blade. 

Pilliar11 utilized a short rod fracture toughness specimen design (12 mm x 6 

mm diameter) and later was able to reduce the specimen size with a mini-short rod 

specimen (7 mm x 4 mm diameter)_12,13 A molded notch in these samples was 

sharpened with a razor blade to expedite crack initiation. This method differs from 

other methods utilized in that stable crack growth occurs initially and then fracture 

toughness is based on the measurement of the load that causes the crack to become 

unstable. Therefore, a pre-existing crack is not necessary for this specimen 

geometry. 

Gegauff14 and Sands15 have both utilized a compact test specimen geometry 

(14.4 mm x 15 mm x 4.0 mm) conforming to the American Society for Testing and 

Materials (ASTM) specification E399-83.16 Both used a Bard-Parker blade (#10, 

Bard-Parker, Rutherford, NJ) under hand pressure to place the pre-crack in the 
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specimen. El Mowafy17 used a compact test specimen geometry of reduced size 

( 4.6 mm x 4.5 mm x 1.6 mm) to measure fracture toughness of human dentin. The 

specimen size was necessarily constrained by the availability of dentin from an 

extracted human tooth. The implications and potential errors in reducing the 

specimen size, some of which did not conform to the standard, were not discussed. 

Common to all these studies is the need to cure a large bulk of composite up 

to 4 mm in thickness. This may lead to difficulties in achieving adequate and 

uniform cure. It may also lead to an artificial temperature increase associated with 

curing a large bulk of composite.12,18,19,20 A dimensional comparison of the 

various specimen geometries used for measurement of fracture toughness of dental 

materials is given in table 1. 

TABLE 1 

Dimensional Comparisons of Specimen Geometries Used for 

Measuring Fracture Toughness 

Type of Specimen 

Single Edge Notch 3 
Double Torsion 10 
ShortRod 11 

Mini Short Rod 13 
Compact Test 14,15 

Mini Compact Test a 

Dimensions 
(mm) 

3x6x34 
30x 10x2 
12 x 6 diameter 
7 x 4 diameter 
14.4x15x4 

6.3 X 6.6 X 1.7 

a. Proposed in specific aim #1 of this thesis 

Volume 
(mm•) 

612 
600 
339 
88 

864 

71 
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It is desirable to be able to determine fracture toughness on specimen sizes 

which approximate the size of dental restorations thereby having a specimen which 

is fabricated close to the actual clinical fabrication technique. In fact, all studies on 

fracture toughness of resin composites have fabricated the test specimen using bulk 

curing. This could produce a test specimen which is microstructurally dissimilar to 

the material as it exists clinically, since clinically posterior composites are 

incrementally layered. It is not reasonable to assume that the fracture toughness is 

the same for these two dissimilar material fabrication techniques. The need to 

measure the fracture toughness of small specimens has lead to the development of 

indentation methods of measuring fracture toughness in the ceramic industry.21 

Morena et al. 22 has used these indentation methods to measure fracture toughness 

of dental porcelains. This technique is ineffective with resin composites due to 

their ductility and the inability to etch the indented surface which is necessary to 

see the fracture lines on the surface. The result is a need to develop reduced size 

specimen geometries for conventional measurement of fracture toughness. 

While the size limitations of the specimen geometries need to be reduced, a 

second major concern of researchers and technicians who are measuring fracture 

toughness of resin composites deals with the type of flaw which must be placed into 

the specimen before testing. Recall that the fracture toughness measures the 

material's resistance to crack propagation. A pre-existing crack must exist in the 

material before testing. The derivation of the equations for stress intensification 

and fracture toughness (stress intensification at which crack instability and 

propagation occurs) have been derived assuming "Griffith crack" criterion. The 

ASTM Standard for metallic materials calls for a fatigue crack.l6 Metallic 

materials develop these cracks easily when subjected to cyclic fatigue. This stress 

induced crack is thought to have a crack tip radius on the order of three times the 

6 



interatomic spacing.23 The development of fatigue cracks in metal alloys is so 

predictable that standards for placing this fatigue crack in a variety of specimen 

geometries have been written. The standard additionally makes the stipulation that 

this crack extend a minimum of 1.3 mm beyond the tip of the preformed notch. A 

typical fatigue crack in steel is shown in figure 1. 

Brittle materials have presented a major obstacle to precracking. Fatigue 

cracks do not develop in these materials as they do in the metallic materials. When 

a crack develops in a brittle material, it rapidly propagates through the material 

and failure occurs. To deal with this problem, engineers have chosen to machine 

sharp notches into these brittle materials24,25 and, at times, refer to these notches 

as precracks. Hashemi and Williams have looked at the effect of machining a 

notched crack tip radius on the resulting measurement of fracture toughness in 

polymeric materials.26,27 They concluded that for low toughness polymers, the 

measured fracture toughness did not vary significantly for crack tip radius from 

12.5 microns to 100 microns. For tougher polymers, the measured fracture 

toughness varied with changes in crack tip radius. However, Hashemi and Williams 

were unable to place actual cracks which met the "Griffith crack" criterion. In fact, 

nowhere in the literature has anyone been able to achieve a crack like that shown 

in figure 1 in a polymeric material. The notches used by Hashemi did not contain 

crack tip radii that even approached the infinitely sharp crack tip that was assumed 

in developing the fracture toughness equations. The results of their findings are 

more applicable to initiation energies for Griffith cracks. Thus, with the lower 

fracture toughness materials, cracks were initiated relatively easily for flaws 

(notches) of the 12.5 micron to 100 micron range. With other polymers, smaller 

defects were more effective at initiating cracks. 
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Figure 1: A fatigue crack is shown in a steel alloy. The crack extends from top 

left to bottom right. 5000 X 
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In the first reported fracture toughness studies of dental resin composites, 

researchers were faced with placing the pre-existing crack. Since placing an actual 

crack in the material was apparently impossible, Lloyd chose to polymerize the 

composite around the edge of a razor blade. If the material were perfectly adapted 

to the edge of the blade, a notch tip radius equal to the radius of curvature of a 

razor blade would result. Other researchers faced with the same problem, opted to 

~achine a notch with a 0.15mm. wafering disk and assume that the crack tip radius 

(approximately 0.075mm) to be adequate to meet the assumptions of the fracture 

toughness equations. Gegauff4 was the first to use a razor blade to hand sharpen 

the notch. The crack tip radius using this method has never been estimated. 

c There has been considerable debate within the literature over which 

"pre-cracking" method is correct.28 Ferracane compared the Lloyd ''precracking" 

method (forming the notch around a razor blade during curing) with the method of 

hand sharpening a machined notch with a razor blade. He found that for 5 of 8 

materials, there was a significant difference in the measured fracture toughness.29 

Fracture toughness, being an intrinsic material property, cannot vary with test 

method. Therefore it must be concluded that at least one of the pre-crack methods 

is invalid for measuring fracture toughness. 

A very recently developed test method (1977) has been designed to 

circumvent the problem of pre-cracking. The short rod specimen geometry, 

developed by Barker30,31,32 and Bubsey33, utilizes a chevron notch in a split 

cylinder design. For this geometry, a stable crack develops during the test and 

propagates in a stable fashion for some distance until the tensile load on the 

sample and the crack length grow to such an extent that stress intensity reaches Klc· 

Pilliar has used this method extensively for measuring K1c of dental resin 
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composites.l1,12,13 It is interesting that he reports that he used a razor blade under 

hand pressure to help expedite crack initiation. 

While fracture toughness should be a useful strength measurement to 

compare resin composites, the use of a wide variety of test methods yielding 

inconsistent results is a concern to researchers. There is a need to develop a 

standard for fracture toughness testing of polymeric and other brittle materials. 

For in vivo failure analysis of resin composites, fracture toughness applies 

to gross fractures of the material which is reported to account for 20% of 

clinical failures.34 The majority of failures, however, are attributed to localized or 

generalized. wear of :composite. This failure mode has been related to fatigue or 

stress corrosion. 

As previously discussed, the strength of brittle materials is strongly 

influenced by flaws on the surface or in the volume of the material. When a stress 

is placed on the material, the flaw acts as a stress raiser in the localized area. The 

stress intensity at the flaw is a function of the geometry of the flaw, the flaw size, 

and the applied stress. When the stress intensity at the tip of the crack reaches the 

critical stress intensity, KJc• then the crack rapidly propagates through the material. 

Under these conditions, fracture occurs almost instantaneously. If an external 

stress is applied for which the stress intensity at the crack tip is below the critical 

stress intensity, then failure is not expected to occur. However, in the presence of a 

corrosive environment, some materials will exhibit delayed failure at loads (stress 

intensities) that would not be expected to cause failure.35,36 The environment 

reacts chemically or physically with the material aided by strain energy at the crack 

tip, resulting in the breaking of bonds at the crack tip and crack extension.37 When 
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the crack grows to the critical size, where stress intensity increases to Klc• then 

catastrophic failure occurs. This time dependence of failure is known as static 

fatigue or stress corrosion. 

Stable, subcritical crack growth has been shown to occur in a wide variety of 

materials including ceramics, glasses, polymers, and metals. Although the exact 

mechanisms of crack growth vary widely among different materials, they all exhibit 

similar crack velocity-stress intensity relationships and delayed failure curves. The 

crack velocity-stress intensity relationship can be expressed as a power function 

shown in equation 1. 

(Equation 1) 

where: 

v = velocity of the crack growth (m/s) 

v0 - environmentally dependent material constant (rn!s) 

n = environmentally dependent material constant (unitless) 

K1 = stress intensity at the crack tip (MPa•m1 12 ) 

Ko = a constant used to normalize K1 (MPa•m1h)- This is 

frequently arbitrarily chosen to be the material's Klc· 

The more useful form of equation 1 is a log form. 

logv = logv0 + nlog (KifKo) (Equation 2) 

These equations are empirical relations and generally only describe the v-K 

relationship over a limited range of stress intensities commonly referred to in 

ceramics as region III behavior.38 At lower stress intensity levels, the crack 
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velocity decreases at a greater than an exponential rate. This implies and is 

verified experimentally that at some low level of stress intensity, crack growth 

ceases to occur and failure does not occur over any length of time. This is known 

as the static fatigue limit or the stress corrosion limit. 

Note from equation 1 that the environment plays a major role in shaping the 

relationship between crack velocity and stress intensity since both nand v0 are 

environmentally dependent. This relationship has been extensively studied for 

glasses and ceramics, but for resin composites, its use has been limited to stress 

intensities very near Klc· Crack velocities have only been measured during 

fracture of composite specimens and theJ:efore at high velocities. 

The existence of crack growth at subcritical stress intensities explains the 

time dependence of failure for materials that exhibit stress corrosion. This time to 

failure is expressed quantitatively in equation 3. 

where: 

t - the time to failure 

B = a function of the environmentally dependent 
material constants v0 , n, and K1c 

Si = the inert or initial strength 

(Equation 3) 

n = environmentally dependent material constant from equation 
one, referred to as the stress corrosion exponent 

o a = a constant applied stress 
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Fatigue has been said to play a major role in clinical wear. Wu has shown 

that microcracks exist in the subsurface layer of composites.39,40 It is hypothesized 

that these microcracks undergo subcritical crack growth due to thermal and 

masticatory: stresses and the subsequent failure results in wear. This process can be 

described quantitatively· by the relatiqnship between crack velocity and stress 

intensity and time to failure predictions· (equations 1, 2 and 3). 

Fracture mechanics provides a very capable tool for studying both gross 

failures and fatigue failures of materials. Its use for dental resin composites has 

been limited by problems in measurement techniques for both fracture toughness 

measurements and crack velocity measurements. 

The specific aims of this study were: 

1. To fabricate a resin composite specimen that is volumetrically 10-40% of the 

volume used in previous fracture toughness studies. 

2. To evaluate the effect of methods of pre-cracking on resulting measured 

fracture toughness values. 

3. To evaluate the effects of a specific fabrication technique, incremental 

layering, on the fracture toughness of resin composites. 

4. To compare two methods of measuring fracture toughness; the compact test 

method and the short rod method. 

5. To investigate the effects of static fatigue (stress corrosion) on dental resin 

composites and determine the stress corrosion coefficient for one composite. 

2. MATERIALS AND METHODS 

2.1 Methods for specific aim #1 

To fabricate a resin composite specimen that is volumetrically 

10 - 40 % of the volume used in previous fracture toughness 

studies. 
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The methods for measuring KJc are unusual in that the requirements for 

specimen size depend upon the results of the test itself! In order to develop a 

reduced size specimen, two criteria must be met. First, the specimen size must 

meet the geometric constraints of the standard. Secondly, the test must be run and 

the fracture surface observed for patterns that would indicate that plane strain 

conditions were met. Additional support can be obtained by testing a material or 

materials of known Kic· The compact test specimen dimensions as defined in the 

ASTM Standard £399-8316 are given in figure 2. 

An Enable (Enable Software, Ballston Lake, NY) spreadsheet was developed 

that manipulated the geometric variables using the geometric, material and test 

constraints contained in the standard (Table 2). 

TABLE2 
Geometric, Material and Test Constraints Which Must be 

Satisfied for Valid Fracture Toughness Testing. 

Geometric Constraints 

W/4~ B~ W/2 

B ~ 2.5 {KJrfoys)2 

a~ 2.5 {KJrfoys)2 

0.45 ~ a/W ~ 0.55 

where: 
W = average specimen length (m) 
B = average specimen thickness (m) 

oys =yield stress of the material (MPa) 

a = crack length (m) 

Material/ Test Constraints 

oysfE = 0.01 

t:.K/s ~ 0.55 MPa•m1 /2/s 

!':. K/s ~ 2.75 MPa•m1 12 js 

E = Young's modulus of the material (MPa) 

t:.K/s = the rate of increase of stress intensity (MPa•m1 12 /s) 

14 



Figure 2: A compact test specimen geometry is shown with generic dimensions 

as defined in theASTM standard. Note that the overall length and width of the 

specimen are related to the distance, W, from the middle of the grip holes to the 

opposite edge of the specimen. 

where: 

B = specimen thickness (em) 

a = crack length (em) 

W = specimen length (em) 
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The fracture toughness values and yield stress values used in these 

spreadsheets were taken from studies by Sands et az.15 and Corbitt et al..41 The 

desired value of any dimension could be inserted into the spreadsheet and 

minimum-maximum values of the other dimensions are determined. Appendix ll 

contains these spreadsheets showing the ranges of acceptable dimensions and how 

the variables interact with one another. The limiting dimension for all but the least 

tough materials were the distances x andy (see figure 2) which fell to zero as the 

thickness and length were reduced. A specimen geometry was chosen very near the 

smallest possible limits allowed by the constraints. The dimensions chosen for 

initial evaluation are 6.3 mm x 6.6 mm x 1.7 mm (see figure 3). This specimen 

geometry is volumetrically 8.2% of the volume of traditional compact test 

specimen. 

To determine the validity of using the reduced size compact test specimen, 

five materials of varying filler concentration were used which had been previously 

studied by Sands.15 These are listed in table 3. 

TABLE3 

Resin Composites Used for Study on Specific Aim #1 

Material Code Manufacturer 

Occlusin oc Coe Lab, Inc., IL 
Visiomolar VI ESPE Premier, PA 
Adapticll AD Johnson & Johnson, NJ 
Distalite DI Johnson & Johnson, NJ 
Delton Sealant SN Johnson & Johnson, NJ 
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Figure 3: The compact test specimen dimensions used for study # 1 are shown. 

The dimension, a, varied slightly with each specimen. 
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Twenty samples of Occlusin and ten samples of each of the other materials 

were fabricated. The composite materials were placed in a Rexillium mold. A 

clear plastic film and a piece of metal were placed on the top surface of the mold. 

This assembly was placed in a Carver hand press and compressed under 1500 psi. 

for 30 seconds to allow the material to completely flow into the mold. The metal 

plate was then removed and the material cured through the plastic film. Specimens 

were cured 1/4 at a time for 20 seconds, then released from the mold and cured 

over the center of the specimen for an additional 20 seconds on the reverse side 

(100 seconds total). The rectangular specimens were then lightly planned on 

abrasive paper to remove any irregularities from the mold. A #4 round bur in a 

porcelain facing drill press with a micrometer stage was used to prepare holes to 

grip the specimen in the Instron testing machine, and a notch was cut into the 

specimen using a 0.3 mm thick separating disk (Super Thin Separating Disks, 

Engelhard Industries, Cateret, NJ). A "pre-crack" was placed in each sample using 

a single edge industrial razor blade (Sears Roebuck, Chicago, IL) with hand 

pressure to sharpen the base of the preformed notch. This method is consistent 

with the type of "pre-crack" used by Sands et al. to which results of this study are 

compared. 

Measurements of the dimensional parameters a, W, and B (figure 2, pg 15) 

on each specimen were then recorded using a measuring microscope. The 

specimens were tested in tension in an Instron testing machine, with the direction 

of the force perpendicular to the plane of the preformed notch in the specimen 

(figure 4). Figure 5 shows the comparison of the traditional compact test specimen 

with the reduced size compact test specimen. 
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Figure 4: A tensile force is applied to the compact test specimen through the 

grip holes in the specimen by steel rods connected to the Instron testing 

machine. 

Figure 5: A dimensional comparison of the traditional and reduced size 

compact test specimen. 
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Provisional fracture toughness values, KQ, were calculated from the fracture 

toughness equations for compact test specimen (equation 4). These are considered 

provisional until those geometric, material and test constraints which depend on 

this measured value have been met. 

Pc Ko = (-----,-) • f (a!W) 
B. w1/2 

(Equation 4) 

where: 

Ko = provisional fracture toughness (MPa• m 1 I 2 ) 

P c = maximum load prior to catastrophic crack advance (KN) 

(a!W) 
= (2 + aiW) (0.866 + 4.64a/W- 13.32a2 /W2 + 14.72a3 /W3 

- 5.6a4 tw•) 
f (1-a/W)" 2 

For this reduced size specimen, the tests for validity (Table 4) were met and 

the provisional Ko values were accepted as the true fracture toughness K1c-

1. 

2. 

3. 

TABLE 4 
Tests for Validity 

Rate of increase of stress intensity ( t.K) 

0.55 MPa•m 1 / 2 /s:;; t.K/s:;; 2.75 MPa•m1 / 2 /s 

Max load :;; 110 
Yieldl.oad · 

a~ 2.5 (Ko/ays)2 

B ~ 2.5 (Ko/ays)2 

Determination that the mini compact test specimen yields valid KJc 

measurements were made by gross examination of the fractured surfaces of the 

specimens to determine that plane strain conditions were met and by comparing 

20 



the results with previous studies by Sands et al. 15 using large compact test 

specimens. If this specimen geometry does not yield equivalent results with the 

large compact test specimen, then a larger "mini" sample will be developed. 

2.2 Methods for specific aim #2 

To evaluate methods of pre-cracking on resulting measured 

fracture toughness values. 

The material, Occlusin, was used to evaluate the effect of various 

"pre-cracking" procedures on the measurement of fracture toughness. Ten mini 

compact test specimens were prepared as described in the methods for specific aim 

#1 for each of five pre-cracking methods. For group I, the specimens were 

notched with a 0.3 mm separating disk and left blunt. For group IT, the specimens 

were cured with a razor blade placed in the mold to form the notch and "pre-crack". 

For group Ill, the specimen were notched with a 0.3 mm separating disk and a 

Bard-Parker blade under hand pressure was used to sharpen the notch. Group IV 

specimens were "pre-cracked" the same way as group Ill and then were placed in 

the lnstron testing machine and fatigue cycled 25 times at 60% of the estimated 

failure load and then immediately fractured. The estimated failure load was 

determined by first measuring specimen dimensions and crack length. Then using 

the measured KJc from the previous study, it was determined what failure load 

would yield that measurement. For group V, the specimen were notched with a 0.3 

mm separating disk and then stress cracked by the following technique. 

A simple vice, or clamping device was used to grip the base of the specimen 

placing a compressive force on the lower one half of the specimen. Attempts were 

made to quantify the amount of compressive force used, however variability of 
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other aspects of the method precluded using a standardized force, that is~slight 

differences in specimen geometry, width of the notch and rate of wedging. A 

wedging device, designed by Morena42, was placed in the preformed notch. A 

drive screw was used to slowly wedge open the notch. The effect of this was to 

place increasing tensile forces at the tip of the notch while the bottom one half of 

the specimen iS kept under compression (see figures 6 and 7). 

When the tensile forces at the notch tip reached a critical value, a crack was 

initiated and rapidly propagated toward the base of the sample. The increase in 

surface energy associated with forming two new surfaces is compensated for by a 

loss of strain energy associated with the propagation of the crack. When the 

propagating crack front reaches the compressive field in the lower half of the 

specimen, the strain energy release approaches zero and then becomes negative, 

acting to pin the crack. Using this method, sharp cracks with a crack tip radius on 

the same order of magnitude as fatigue cracks called for by the ASTM standard for 

metallic specimen, were achieved. 

Photomicrographs of the five "pre-crack" types are shown in figures 8, 9, 10, 

11 and 12. Each group was tested in mode I (tensile mode) using an lnstron testing 

machine and fracture toughness measurements were then calculated as described 

in methods from specific aim #1. 
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Figure 6: This is a diagrammatic representation of the pre-cracking device 

used in study #2. The crack forms at or very near the apex of the pre-formed 

notch and propagates toward the base of the specimen. Compressive forces at 

the base of the specimen cause the crack to arrest. Approximately 40 percent of 

the specimens were successfully pre-cracked. In the remaining specimens, due 

to the large amount of strain energy stored during the loading phase, the newly 

formed crack rapidly propagated through the sample to failure usually deviated 

to the side as it felt the compressive stress field. 

Figure 7: This is a photograph of the actual pre-cracking device. 
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Figure 8: This is a photomicrograph of the ''pre-crack" used for group A 

specimens. The notch was left blunt (no pre-crack). 

Figure 9: This is a photomicrograph of the ''pre-crack" used for group B 

specimens. The ''pre-crack" was formed during fabrication of the sample by 

inserting a razor blade into the mold before and during polymerization. 

Figure 10: This is a photomicrograph of the ''pre-crack" used for group C 

specimens. The ''pre-crack" was formed by "sawing" into the base of the blunt 

notch with a razor blade under hand pressure (after polymerization of the 

specimen). 

Figure 11: This is a photomicrograph of the ''pre-crack!' used for group D 

specimens. The ''pre-crack" was formed by "sawing" into the base of the blunt 

notch with a razor blade under hand pressure, then the specimen was loaded 

into the Instron testing machine and stress cycled at 60 percent of the 

estimated failure load based on previously measured fracture toughness 

values. 

Figure 12: This is a photomicrograph of the ''pre-crack" used for group E 

specimens. The pre-crack was formed using the specially designed 

pre-cracking device. The crack is the result of an actual fracture process. Note 

the similarity between this crack and the one shown in figure 1, page 8. 
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2.3 Methods for specific aim #3 

To evaluate the effects of a specific fabrication technique, 

incremental layering, on the fracture toughness of resin 

composites. 

The mini compact test specimen geometry was again used in this study. The 

"pre-cracking" method developed by lloyd3 was chosen to place the pre-existing 

"crack" in the specimen. The preformed notch and "pre-crack" were formed by 

inserting-a sharp razor blade into the composite and curing the resin with the razor 

blade in place. This allows for complete control over the position of the precrack. 

Two types of composite resin were evaluated; a large particle, highly filled 

composite, Occlusin, and a microfilled composite, Distalite. Three groups of 

specimens were fabricated for each resin composite. 

Group A specimens were placed into the Rexillium mold in one complete 

increment. The specimens were then light cured 1/4 at a time for 20 seconds. 

Group B specimens were layered in three increments. The first increment filled 

the top half of the mold with the razor blade in place to completely form the notch 

and precrack. This increment was then cured for 20 seconds in each of the two 

quadrants. The second increment was then added lengthwise, perpendicular to the 

preformed notch and approximately 1.5 = thick and cured. A third increment 

filled the remaining portion of the mold and was cured (see figure 13). 

Group C specimen were layered in 2 increments. The first increment filled 

the right half of the mold and the razor blade was inserted into the mold to form 

the right half of the notch. This was then light cured for 20 seconds in each 

quadrant. With the razor blade still in place, a second increment was added to fill 

the left side of the mold and then cured in the same manner (figure 14 ). 
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Figure 13: This is a diagram of the compact test specimen showing the 

orientation of the layering during sample fabrication for group B specimens. 

Figure 14: This is a diagram of the compact test specimen showing the 

orientation of the layering during sample fabrication for group C specimens. 
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All samples were cured an additional 20 seconds over the center of the 

opposite side of the specimen after being released from the mold. The specimens 

were then lightly planed on abrasive paper to remove any irregularities. , A #4 

round bur in a porcelain facing drill press with a micrometer stage was used to 

machine holes to grip the specimens in the universal testing machine. 

Measurements of the dimensional parameters a, W and B for each specimen were 

made using a measuring microscope. The specimens were tested in tension (mode 

I) in an lnstron testing machine, with the direction of force perpendicular to the 

plane of the performed notch. All specimen conformed to the geometric, material 

and test constraints of the ASTM standard (Table 2, page 14). 

Provisional KQ values from the fracture toughness equation for compact test 

specimen were calculated. These provisional KQ values for each specimen met 

validity tests given in the ASTM standard (Table 4, page 20) and this was accepted 

as true fracture toughness, K1c. The means and standard deviations were 

calculated for each group. 

2.4 Methods for specific aim #4 

To compare two methods of measuring fracture toughness; 

the compact test method and the short rod method. 

Two materials, Occlusin and Herculite XR were chosen to compare the short 

rod fracture toughness test with the compact test specimen design using two 

different types of "pre-cracks". 

Twenty mini compact test specimens were fabricated from each material 

using the methods described in specific aim #1. The specimens were randomly 
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divided into two groups. Group A was precracked using a razor blade under hand 

pressure described in methods for specific aim #1. Group B was pre-cracked with 

a stress induced crack described in methods for specific aim #2. These specimens 

were tested in an Instron 2562 testing machine with a cross head speed of 0.5 ern 

per minute. Measured values of fracture toughness were determined using 

methods described in methods for specific aim #1. 

The short rod specimen design was developed by Barker.31,32 A series of 

useful geometries were calibrated by Barker33 and Bubsey.34 This geometry is 

reported to be particularly useful for brittle materials. It consists of a cylinder 

which is divided down its axis by a chevron notch. The cylinder has a flange on one 

end to permit gripping in the Instron testing machine. The short rod specimen 

geometry is shown in figure 15. 

Using this geometry, the crack is initiated at the apex of the chevron relatively 

easily since the width of the crack front is very small. Mter a crack is initiated and 

begins to move toward the base of the cylinder, the width of the crack front is 

increasing. Thus there is a balance between increasing tensile load which would 

increase stress intensity and increasing crack front width which would tend to 

decrease stress intensity. For approximately one half of the length of the chevron 

notch (apex to base), stable crack growth occurs. The actual measurement of 

fracture touglmess is taken when crack instability occurs. 

Twenty mini short rod specimens were fabricated from each material. The 

resin composites were injected into the bottom half of a Plexiglass mold. The top 

half of the mold contained a Rexillium blade, 0.2 mm in thickness. This blade was 

notched to form the chevron notch. Two guide pins in the top of the mold allowed 
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Figure 15: This is a diagram of the short rod specimen geometry. The oblique 

side view, side view and a cross section viewed from the top are shown. 
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the Rexillium blade to be correctly and reproducibly aligned into the lower half of 

the mold (figure 16). 

Mter loading the material and assembling the mold, the resin composite was 

light cured for 40 seconds at the chevron end of the cylinder, 40 seconds through 

the Plexiglass at the grip end of the cylinder and for 80 seconds through the 

Plexiglass at four quadrants of the body of the cylinder. The top of the mold was 

removed and the specimens were lightly tapped out of the lower end of the mold. 

To facilitate removal, a light coating of vacuum grease was applied to the walls of 

the mold. The specimens were again light cured at each end of the cylinder for 40 

seconds and in quadrants around the body of the specimens for an additional 80 

seconds. This curing treatment, although overly thorough, ensured that fully cured 

samples were tested. 

The short rod specimens were then lightly planed with abrasive paper to 

remove any irregularities from the mold. A razor blade was used to remove 

irregularities or counections of composite in the slotted portion of the specimens. 

The specimens were tested in a tensile mode in an Instron 2562 testing 

machine with a cross head speed of 0.125 em per minute. Those specimens where 

the crack did not propagate completely in the plane of the chevron notch were 

rejected as invalid tests. Those specimens where crack pop-in occurred were 

rejected as invalid. The phenomenon has been previously 

described by Barker31,32,33 and Bubsey_34 It occurs when sudden unstable crack 

growth occurs as the crack initiates. In the extreme, crack pop-in causes 

catastrophic failure of the entire specimen. The intended initial, stable crack 

growth does not occur and the test is invalid. 
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Figure 16: The Plexiglass mold used to form the short rod specimens including 

the chevron notch 
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The fracture toughness was calculated using equation 5. 

(Equation 5) 

where: 

A = A dimensionless constant for a given W/B ratio 

P c = The load at which crack instability occurs 

B = Specimen diameter 

v = Poisson's ratio,- for resin composites = 0.2443 

2.5 Methods for specific aim #5 

To investigate the effects of static fatigue (stress corrosion) on 

dental resin composites and determine the stress corrosion 

coefficient for one composite. 

Stress corrosion characteristics were evaluated for the material, Herculite. 

Seventy eight compact test specimen were fabricated using the methods outlined 

for specific aim #1. 

The mini compact test specimen geometry was used for this study. The 

specimens contained a true crack created at the tip of the notch using the technique 

developed in specific aim #2 and reported by Kovarik et a/ .. 44 Without this actual 

"Griffith" crack, this study is not possible to accomplish. Three bulk groups of 

specimens were fabricated (n1 = 15, n2 =30, n3 =33). For each of these bulk 

groups, the specimens were randomly divided into three equal groups for 

evaluation under stress in one of the three storage environments at 37" C: dry air, 

distilled water, and a 3:1 solution of ethanol and water. 
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The Food and Drug Administration has identified several food simulating 

solvents.45 Studies by McKinney and Wu46 andKao47 have evaluated their effect 

on chemical softening and wear of composites. In both studies it was found that a 

75 percent solution of ethanol in water was the most degrading for each of the 

composites tested. Distilled water and heptane had the least effect on the 

composites tested, but some chemical softening was noted. Heptane simulated 
- ' 

vegetable oils, fats and meats; water and 25 percent ethanol in water simulated 

saliva, water and light beverages; and fifty percent or higher alcohol solutions 

simulated alcohol, candy, syrups, wine and beer.46 For this study; dry air, water 

and the 3:1 solution of ethanol and water were chosen to represent the range of 

corrosive environments that might be encountered. 

Initial measurements of a, W and B were recorded for each specimen using a 

measuring microscope (figure 2, page 15). The crack length was observed using 

transillumination techniques. An intense light was shown through the sample from 

one side and the light was refracted and reflected at the crack interface. This 

technique has been us~d in crack velocity studies on glasses and ceramics. 

The first group of specimens (n1 = 15) was randomly subdivided into three 

equal groups of n = 5 and placed in one of the three storage environments under no 

applied load (KI = 0). The specimen dimensions: a, W, and B were recorded using 

a measuring microscope at time equal to zero and then measurements of a and W 

were taken every 24 hours for 16 days. 

Then the second group of specimens (n2 =30) was randomly subdivided into 

three equal groups and placed in the 3 storage environments under an applied load 

to yield an average K1 equal to 20% of K1c (K:rfKic = 0.20). The load was applied 

by custom designed springs which were fabricated using stainless steel orthodontic 

wire (figure 17). These springs were designed to fit into the grips in the specimen 

applying a tensile load normal to the crack plane (mode I loading)(figure 18). 
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Figure 17: The custom designed, stainless steel spring is shown. 

Figure 18: The spring is loaded in the compact test specimen and exerts a 

mode I (tensile) force to the specimen. 
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The specimen measurements were entered into a computer spreadsheet and 

the values of the load needed to yield a given stress intellsity were calculated. The 

springs were then adjusted by increasing or decreasing the arm position to deliver 

the desired load. These specimens were measured at intervals of 10 minutes up to 

24 hours for 16 days or until failure. 

Finally, the third group of specimens (n3 = 33) was randomly subdivided into 

three equal groups and placed in the storage environments under an applied load 

to yield an average stress intensity, K1, equal to 48% of the K1c (KifKic = 0.48). 

Again specimen dimensions a and W were measured at time intervals of 10 

minutes up to 24 hours for 16 days or until failure. Crack velocities were then 

detenpined directly by measuring change in crack length over time. 
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3. RESULTS 

3.1 Results for specific aim #1 

To fabricate a resin composite specimen that is volumetrically 

10 - 40 % of the volw;ne used in previous fracture toughness 

studies. 

Comparisons of the measured values of fracture toughness using the mini 

specimen versus the traditional compact test specimen are shown in table 5 

and figure 19. 

TABLE 5 
Comparison of the Reduced Size Specimen Geometry with the 

Traditional Specimen Geometry for Compact Test Specimens 

n = 10 for each group 

Code Material 

oc 
VI 

AD 

DI 

SN 

Occlusin 

Visiomolar 

Adapticll 

Distalite 

Delton sealant 

Fracture Toughness 
(MPaoml72) 

Traditional Reduced Size 

1.93 ± 0.20 1.92± 0.21 

1.74 ± 0.17 1.65 ± 0.15 

1.39 ± 0.19 1.44 ± 0.22 

1.05 ± 0.06 1.01 ± 0.19 

0.73 ± 0.11 0.75 ± 0.09 

Unpaired t-tests for each material showed no significant differences in the 

mean fracture toughness when comparing the large compact test specimen with the 

reduced size specimen. All p values were > 0.25. A power function curve for the 
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Figure 19: Graphical comparison of the measured fracture toughness for the 

reduced size compact test specimen as compared with the traditional compact 

test specimen. Code key is listed in table 5 (page 36). The brackets indicate ± 

one standard deviation. 
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test show that the probability for finding a difference in the true mean of 0.15 

MN • m-1.5 is 0.93 for n = 10 and S.D. = 0.15. 

The rate of increase in stress intensities measured from the slope of the load 

versus time curve taken during the test ranged from 0.70 to 0.90 MPa•m112ts. 

Macroscopic observation of the fracture surfaces revealed planar fracture surfaces 

which were consistent with plane strain conditions. 

3.2 Results for specific aim #2 

To evaluate methods of pre-cracking on resulting measured 

fracture toughness values. 

The mean fracture toughness and standard deviation for the comparison of 

precracking methods for groups A, B, C, D and E are given in Table 6. 

Group 

A 

B 

c 
D 

E 

TABLE6 

Fracture Toughness for Various Pre-cracking 

Methods, n = 10 for each group 

Fracture Toughness 
Type of Pre-crack (MPa•m1 12 ) 

No pre-crack, notch left blunt 2.03± 0.16 

Hand pressure with razor blade 1.95 ± 0.15 

Hand pressure with blade, then cycled 2.04± 0.18 

Razor blade cured in sample 1.75 ± 0.16 

True pre-crack, stress initiated 1.30 ± 0.15 
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Analysis of viuiance of the data suggests that there are highly significant 

differences in the means at a confidence level of 0.99. Tukey's HSD test showed 

that groups A, B and C were homologous groups. Groups D and E were 

significantly different from each other and from groups A, B and C. 

3.3 Results for specific aim #3 

To evaluate the effects of specimen fabrication technique, 

incremental layering, on the fracture toughness of composite 

resin composites. 

Fracture surfaces of the three groups were again planar indicating that plane 

strain conditions were met. Group A specimens fractured through the bulk 

composite. Group B specimens fractured perpendicular to the layering. Group C 

specimens fractured, macroscopically, in the interfacial layer between increments. 

The results are summarized in table 7. 

Group 

A 

B 

c 

TABLE 7 

Fracture Toughness of Occlusin, a Highly Filled Composite, 

and Distalite, a Microfilled Composite, for Various Specimen 

Fabrication Techniques, n = 10 for each group 

Orientation of Fracture Path 

Fracture Tou2hn.ess 
(MPa•m1/•) 

Occlusin 

Fractured through bulk cured material 1.75 ± 0.06 

Fractured perpendicular to increments 1.88 ± 0.09 

Fractured in the incremental plane 1.47 ± 0.07 

Distalite 

~ 0.62± 0.03 

I o.59± o.o3 

~ 0.63± 0.03 
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For the material, Occlusin, one-way analysis of variance indicates significant 

differences among the groups. Tukey's HSD test indicated that groups A and B 

were homologous groups and group C was significantly different from groups A 

and B. For the microfilled material, Distalite, one-way analysis of variance 

indicated that there were no signific~t differences between the means of any of 

the groups. 

3.4 Results for specific aim #4 

To compare two methods of me.asuring fracture toughness; 

the compact test method and the short rod method. 

Several of the short rod specimens for each material exhibited varying 

degrees of crack pop-in. These samples were not included in the group C results. 

Also several specimens did not fracture in the plane of the chevron notch. This 

also invalidates the test and these samples were excluded. Representative graphs 

of the load versus displacement curve generated during the test are shown in 

figures 20, 21, 22 and 23. These demonstrate the varying degrees of crack pop-in. 

All compact test specimens in groups A and B met validity requirements for 

the test. Macroscopic examination of the fractured surfaces revealed planar 

fracture surfaces indicating plane strain fracture. The measured fracture toughness 

values for groups A, B and C for each material are shown in Table 8. 
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Figure 20: A graphical representation of the data collected during a short rod 

fracture toughness test. This represents an ideal test. The crack initiated at the 

chevron early in the test with very little crack ''popcin". The crack growth 

becomes unstable at the maximum load. 

Figure 21: A graphical representation of the data collected during a short rod 

fracture toughness test. This represents a moderate amount of ''pop-in" of the 

crack. The crack does not initiate early and at the point where a crack initiates, 

it is immediately unstable. However the increasing width of the crack front as it 

moves toward the base of the specimen coupled with the compliance of the 

specimen which significantly reduces the load, allows the crack to arrest. The 

crack is then able to undergo stable crack growth in a region of the chevron 

which is acceptable for fracture toughness measurement. 
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Figure 22: A graphical representation of the data collected during a short rod 

fracture toughness test. bue to extreme crack ''pop-in'~ the test was rejected as 

invalid. 

Figure 23: A graphical representation of the data collected during a short rod 

fracture toughness test. Complete catastrophic failure occurred at the point of 

crack initiation This test is not valid and was rejected. 
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TABLE 8 
Fracture Toughness ofOcclusin and Herculite Using 

the Compact Test Method (CTS) or the Short Rod Method (SR) 

n = 15 for each group 

Group Geometry & Pre-crack Method 

Fracture Tou!!hn._ess 
(MPa•m1/2 J 

Occlusin Herculite 

A CTS, notch sharpened with razor blade 2.06 ± 0.15 11.26 ± 0.23 
I 

B CTS, stress cracked as in spec. aim #2 1.44 ± 0.13 I 0.78 ± o.o6 

c SR, no pre-crack (not required) 1.42± 0.06 ~ 0.75 ± 0.03 

For both materials tested, one way analysis of variance showed significant 

differences in the means at a confidence level of 0.99. For both materials, Tukey's 

HSD test indicated that groups B and C were homologous groups and group A was 

significantly different than either group B or C. 

3.5 Results for specific aim #5 

To investigate the effects of static fatigue (stress corrosion) on 

dental resin composites and determine the stress corrosion 

coefficient for one composite. 

No change in crack length was observed for any specimens in any 

environment for average stress intensities, Kr = 0 or KrfKrc = 0.20±.05, over the 

16 day observation period. 

For specimens stored in air under an average stress intensity, KrfKrc = 0.48 ± 

0.10, 3 specimens were inadvertently overloaded and fractured within 12 hours. 
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These samples were excluded from the analysis. The eight remaining specimens 

had no measurable crack growth within the experimental accuracy of ± 0.02 mm. 

over the 16 days. 

For specimens stored in distilled water under an average stress intensity of 

K:rfKic = 0.48 ± 0.10, all specimens had observed, measurable crack growth and 9 of 

10 failed within 16 days. The average time to failure was 6.2 ± 1.8 days. Four 

specimens yielded enough data points to plot log velocity versus log K diagrams 

(see equation 2). 

logv = logv0 + nlog (KifKo) (Equation 2) 

Note that the equation has the simple form, y = a + bx, where a and bare 

log v0 and n respectively. The values of the constants v0 and n are taken from 

these plots as the log of they intercept and the slope of the line. Figure 24 shows a 

typical log v versus log (K:rfKic) plot for a specimen stored in water. 

For specimens stored in a 3:1 solution of ethanol and water under an average 

stress intensity of K:rfKic = 0.48 ± 0.05, measurable crack growth occurred in all 

specimens and all failed within 5 days. The average time to failure was 1.9 ± 1.0 

days. Eight specimens yielded enough data points to plot log velocity vs. log K 

diagrams from which values of nand v0 were obtained. Figure 25 shows a typical 

log v versus log (K:rfKic) plot for ethanol:water storage. 
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Figure 24: Plot of log v versus log (KJIKJcJ for sample E-ll which was 

fatigued in 37° C distilled water at a stress intensity of 48 percent of K[c The 

slope of the line is the stress corrosion constant, n. The y-axis intercept is v 0 

(see equations 1 and 2, page 11 ). 
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Figure 25: Plot of log v versus log (KJIKJcJ for sample E-23 which was 

fatigued in a 37° C solution of ethanol:water (3:1) at a stress intensity of 48 

percent of KJc 
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The stress corrosion cpefficients and v0 values for the composite in water and 

the ethanol:water solution are listed in Table 9. 

TABLE 9 
Experimentally Determined Values ofthe Constants nand v0 , and 

an Estimate of the Static Fatigue Limit for Herculite XR 

at 37° Centigrade for the Three Storage Environments 

Storage Stress Corrosion Vo Static Fatigue 
Environ- Coefficient (m/s xto-8) Limit 
ment xKic 

Dry air N/A N/A > 0.48 

Distilled 
Water 3.6 ± 0.3 1.2 ± 0.6 0.38 ± 0.04 

Ethanol 
Water3:1 4.1± 0.6 6.3 ± 2.4 0.34± 0.04 

4. DISCUSSION 

The series of experiments which make up this study have built upon one 

another. The discussion of results will proceed in chronological order with one 

exception. The most significant result of this thesis has been the development of a 

technique to form actual cracks in resin composite specimens without causing 

catastrophic failure. This has never been achieved in dental resin composites and 

in fact has never been achieved in any polymeric material. However, engineers 

have used similar techniques to initiate cracks in ceramic and glassy materials. 
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The ability to place true, stress induced cracks in the resin composites and the 

result that this lowers the measured fracture toughness by 30-40% has 

repercussions on every other fracture toughness study. Namely, if the specimen 

does not contain a true crack, then what is being reported is not fracture toughness, 

but rather some value which seems to be related to the energy required to initiate 

(not propagate) a crack in these materials. The energy required to initiate the 

crack is higher than the energy required to propagate a crack. This overriding 

result will be discussed as it pertains to each individual experiment. 

4.1 Discussion for Specific Aim #1 

To fabrieate a resin composite specimen that is volumetrically 

10 · 40 % of the volume used in previous fracture toughness 

studies. 

The problem of reducing specimen size is associated with reducing the 

thickness of the specimen. Infinitely thick specimens adhere to plane strain 

conditions, a requirement of the test, while thin specimen adhere to plane stress 

conditions. Under plane strain conditions, the critical stress intensity for unstable 

crack growth is at a minimum value. As tri-axial conditions occur, the critical stress 

intensity for unstable crack growth increases. Under plane stress conditions, a 

maximum value of critical stress intensity occurs. If the reduced size specimens lost 

the appearance, to the advancing crack front, of an infinitely thick specimen, then 

one would see an increase in measured critical stress intensity for those specimens 

as compared with thicker specimens. This was not found to be true. 

For compact specimens, the thickness, B, must be greater than 2.5(Klc/ays)2. 

When thickness is less than 2.5(Kicfays)2, the area of plastic deformation at the 
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advancing crack front becomes too large in relation to thickness and the sample no 

longer behaves as an infinitely thick plate. The sample must behave as an infinitely 

thick plate in order to maintain plane strain conditions. For this reason a safety 

factor (usually a factor of ten) is applied to the minimum thickness determined by 

B = 2.5(Kic/ays).2 It is interesting to note that in order to determine an 

acceptable specimen thickness to measure Kico the Kic must be known! Thus, Kic 

is estimated and a large safety factor is applied. 

The reduction of specimen thickness to 1.6 - 1.8 mm was thought to have a 

safety factor of 2 - 4 depending upon the individual composite. This was based on 

previously measured fracture toughness values. The finding that these previous 

fracture toughness values are approximately 30 % too high indicates that there is 

almost no safety factor associated with this specimen thickness. With this known 

material, the thickness met validity requirements. The problem with this method 

will arise when a material of unknown Kic is tested. Since thickness is near the 

limit, there is less certainty of measuring a valid Kic· 

4.2 Discussion for specific aim #2 

To evaluate methods of pre-cracking on resulting measured 

fracture toughness values. 

The stress induced cracks yielded significantly lower fracture toughness · 

measurements than any other precracking method. This is apparently due to the 

significantly smaller crack tip radius as compared with the other precracks. In fact, 

this really was the only precrack where a crack actually existed. The four other 
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precrack types involved various forms of sharpened notches. In each case, during 

the toughness test, energy was required to initiate a crack. In resin composites, the 

initiation energy for forming a crack is higher than the energy to propagate the 

crack and therefore measured fracture toughness values were higher for these 

precracks than with an actual crack. 

The measured fracture toughness of the group with precracks formed around 

a razor edge during polymerization was significantly lower than precracks carved 

using a Bard-Parker blade under hand pressure. Apparently, the formed sharp 

notch required less energy for crack initiation. This could be due to the ability to 

form a sharper notch by curing around the blade than by "sawing" the blade into an 

already cured sample. Thus, the formed notch would be a better stress 

concentrator and initiate a crack more easily. Another possible explanation is 

that when the Bard-Parker is forced into a cured sample to carve a precrack, there 

may be residual compressive stresses left in the resin composite which must be 

additionally overcome before the crack can be initiated. 

The disadvantage to the technique of placing a stress induced crack is that, 

with the rather simple precracking apparatus being used, it is difficult to accurately 

control exactly how much compressive force or tensile force is being applied to the 

specimens. Only about 40 percent of the specimens were successfully precracked 

with the stress crack. The same problem has been reported in a ceramic study by 

Daushardt.48 The other problem concerned visualization. The crack over its 

entire length was extremely thin and difficult to see. However the material's 

translucence aided in crack length measurement due to refraction of light at the 

material-crack plane interface. 
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4.3 Discussion for specific aim #3 

To evaluate the effects of a specific fabrication technique, 

incremental layering, on the fracture toughness of resin 

composites. 

The use of incremental buildups for the majority of composite restorations 

placed clinically is fundamentally sound. This technique reduces residual stresses 

which arise from shrinkage of the composite resin. Recently it has been reported 

that the composite resin between layers undergoes less conversion due to oxygen 

inhibition. 49 

The main findings in this study are that when highly filled composites are 

used in an incremental technique, low fracture toughness planes are created as 

compared to the bulk of the composite specimen. Where the fracture will occur is 

dependent upon the orientation of this low fracture toughness plane and the 

direction of the applied force, whereas in the lower filled microfilled composites, 

this effect is not observed. These findings are consistent with a tensile strength 

study by Podshadley et al. where large particle composites had 20 -30% strength 

reduction in the interfacial layer and microfilled had no loss of strength. 50 

An explanation of this difference between the two types of composites may 

be that the increment plane in the microfilled composite is of the same 

composition as the bulk of the specimen. However, in the highly filled composite, 

the increment plane is composed of interfacial polymers accumulated and trapped 

during curing of the first increment. This polymer rich plane has a lower fracture 

toughness than the bulk of the specimen. 
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Other possible explanations for reduceq fracture toughness in the interfacial 

layer of the highly filled composite are: 

1. an increase in the number of flaws in the plane 

2. an increase in inherent flaw size 

3. a decrease in the amount of polymer conversion due to oxygen inhibition. 

These explanations would equally affect both the large particle and the 

microfill composites, and therefore the most probable cause of the lower toughness 

is a reduction of filler concentration particles in the interfacial area between 

increments. 

4.4 Discussion for specific aim #4 

To compare two methods of measuring fracture toughness; 

the compact test method and the short rod method. 

This study provides further evidence that what many researchers thought they 

were measuring as fracture toughness was not correct. The short rod test method 

does indeed eliminate the need for a pre-crack. This is a big advantage to the 

method considering that placing a true pre-crack in a compact test specimen is only 

successful in about 4 out of 10 specimens. A disadvantage to this technique is the 

great difficnlty in curing the short rod specimen. For testing light-cured materials, 

the mold must be translucent and even then long curing times are needed to 

adequately cure the specimen enough to even remove if from the mold. The 

thinnest dimension of this specimen is 4 mm and research has shown the difficnlt in 

achieving adequate cure in any thickness greater than 2 mm. 
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Crack initiation should be extremely easy for short rod specimens since 

initiation occurs at the apex of the chevron notch which has a very small area and 

therefore a very high stress intensity. Yet even with this most optimum initiation 

geometry for crack initiation, a considerable amount of crack pop-in was observed. 

This reinforces the observation that the energy required to initiate a crack is 

considerably higher than the energy required for crack propagation. 

4.5 Discussion for specific aim #5 

To investigate the effects of static fatigue (stress corrosion) on 

dental resin composites and determine the stress corrosion 

coefficient for one composite. 

The fact that no crack growth was observed at K1 = 0 was indicative that there 

were no residual stresses in the materials that were large enough to cause crack 

growth. 

For specimens stored at 20% of K1co the lack of crack growth indicates that 

this stress intensity level is somewhere below the fatigue limit. 

For the specimens stored at 48% of K1co in an environment of dry air at 37 

degrees C, no crack growth indicated that this was apparently below the fatigue 

limit for that environment. The differences observed between rates of crack 

growth in air versus water may be due to some hydrolysis of the resin by water. 

The increased crack velocities and failure rate of samples stored in ethanol:water 

solution over distilled water are attributed solely to an increase in the constant v0 • 

The fact that n values for the two environments were equivalent, tends to imply 

that the failure mechanism at the crack tip is dominated by some mechanism 
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involving water (possibly hydrolysis of the silane coupling agent). The change in v0 

may be related to chemical softening of the polymer matrix. 

Crack growth under very low stress intensities (less than 50% of Kic) has 

never been observed in resin composites. The results of this study indicate that 

crack velocity-stress intensity relationships for resin composites are identical to 

those which have been observed in glasses, ceramics and metals. 

This study supports the idea that wear of posterior composites is dominated 

by a fatigue or stress corrosion mechanism. Future studies are planned to improve 

on the method of measuring crack growth during stress corrosion using the 

electrical resistance of a metal film applied to the specimen surface to monitor 

crack growth. This approach will yield significantly more data points and be 

capable of measuring crack velocities over a wider range. 

5. CONCLUSIONS 

5.1.1 Reduced size compact test specimen ranging in thickness from 1.6- 1.8 mm. 

(mean = 1.7 mm.) and less than one tenth the volume of previously used 

compact test specimens adhered to the requirement of plane strain conditions 

at the crack tip. 

5.1.2 Utilizing pre-cracking procedures employed by previous investigators, 

equivalent K1c values were obtained compared with larger specimen 

geometries. 

5.2.1 The method of precracking significantly effects the measured fracture 

toughness value for geometrically identical test specimens. 
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5.2.2 Pre-cracking procedures for single edge notched specimen geometries used 

prior to this investigation have not permitted the accurate measurement of 

fracture toughness, but rather have apparently been measuring an initiation 

energy for crack initiation. 

5.3.1 The large particle, highly filled composite had significantly reduced fracture 

toughness when the initial crack was in and parallel to the interfacial 

increment plane. 

5.3.2 The microfilled composite did not exhibit significantly decreased fracture 

toughness within the interfacial layer. 

5.3.3 The fracture toughness of a composite resin where fracture occurs 

perpendicular to layering was not significantly different than the fracture 

toughness of the bulk cured composite. 

5.4.1 The short rod test method for measuring fracture toughness and the 

compact test method using a stress induced crack yield equivalent and valid 

test results. · 

5.4.2 Other methods used to date yield questionable results. 

5.5.1 Environmentally assisted, subcritical crack growth occurr,ed in this 78 percent 

filled (by weight), small particle composite at stress intensity levels of 

approximately 50% of fracture toughness. 

5.5.2 The ranking of the amount of subcritical crack growth over time in the 3 

environments studied was 3:1 solution of ethanol and water > distilled water 

> dry air. 

5.5.3 At stress intensity levels of 20% of Krc or less, no crack growth was observed 

in any of the environments studied. 
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APPENDIX II 
SPREADSHEET 1. For a gi~ desired thickness, B, spreadsheet gives miniiJUQ/nw:iiiUI 

width, \1; erd miniiiUD/IMXiiiUD creek length, a. 
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4.00 8.00 16.00 3.60 8.80 WCRSTCASE 2.50 75.00 1_-" 0.70 1.00 
4.50 9.00 18.00 4.05 9.90 bSTCASE 2.50 75.00 1.62 0.85 1.13 

~~ -~~~=~20=·;,00~~=' ~=--~!.:~=~~SE =~--.;=~===1·8!_~~-~ 
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SPREADSHEET 11. For- a given desired width, U, spr-eadsheet gives minii!UlllmaxiiiUll 

DESIRED 
UIDTH 

U, mn. 

5.50 
5.55 
5.60 
5.65 
5.70 
5.75 
5.60 
5.85 
5.90 
5.95 
4.00 
5.00 
6.po 
7.00 
8.00 
9.00. 
10.00 
11.00 
12.00 
13.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
11.00 
12.00 
13.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
11.00 
12.00 
13.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
11.00 
12.00 
13.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
11.00 
12.00 

thickness. B; and mininurlfmaxii!Ull cr-ock lef'Jth, e. 

HINIKJH HAXJIIJM HIN CRAO:: 
THICXNESS THICXNESS lEHOTl! 
Bmin, rrm. Bmax, mn. Amin, rrm. 

-=-== - -= 
1.38 2.75 2.<8 
1.39 2.78 2.50 
1.40 2.60 2.52 
1.41 2.83 2.54 
1.43 2.85 2.57 
1.44 2.88 2.59 
1.45 2.90 2.61 
1.<6 2.93 2.63 
1.<8 2.95 2.66 
1.49 2.98 2.68 
1.00 2.00 1.80 
1.25 2.50 2.25 
1.50 3.00 2.70 
1.75 3.50 3.15 
2.00 4.00 3.60 
2.25 4.50 4.05 
2.50 5.00 4.50 
2.75 5.50 4.95 
3.00 6.00 5.40 
3.25 6.50 5.85 
1.00 2.00 1.60 
1.25 2.50 2.25 
1.50 3.00 2.70 
1.75 3.50 3.15 
2.00 4.00 3.60 
2.25 4.50 4.05 
2.50 5.00 4.50 
2.75 5.50 4.95 
3.00 6.00 5.40 
3.25 6.50 5.85 
1.00 2.00 1.60 
1.25 2.50 2.25 
1.50 3.00 2.70 
1.75 3.50 3.15 
2.00 4.00 3.60 
2.25 4.50 4.05 
2.50 5.00 4.50 
2.75 5.50 4.95 
3.00 6.00 5.40 
3.25 6.50 5.85 
1.00 2.00 1.80 
1.25 2.50 2.25 
1.50 3.00 2.70 
1.75 3.50 3.15 
2.00 4.00 3.60 
2.25 4.50 4.05 
2.50 5.00 4.50 
2.75 5.50 4.95 
3.00 6.00 5.40 
3.25 6.50 5.85 
1.00 2.00 1.80 
1.25 2.50 2.25 
1.50 3.00 2.70 
1.75 3.50 3.15 
2.00 4.00 3.60 
2.25 4.50 4.05 
2.50 5.00 4.50 
2.75 5.50 4.95 
3.00 6.00 5.40 

MAX CRACJC 
LENGTH 

AmaX, mn. 

3.QJ 
3.05 
3.08 
3.11 
3.14 
~3.16 

3.19 
3.22 
3.25 
3.27 
2.20 
2.75 
3.30 
3.85 
4.40 
4.95 
5.50 
6.05 
6.60 
7.15 
2.20 
2.75 
3.30 
3.85 
4.40 
4.95 
5.50 
6.05 
6.60 
7.15 
2.20 
2.75 
3.30 
3.85 
4.40 
4.95 
5.50 
6.05 
6.60 
7.15 
2.20 
2.75 
3.30 
3.85 
4.40 
4.95 
5.50 
6.05 
6.60 
7.15 
2.20 
2.75 
3.30 
3.85 
4.40 
4.95 
5.50 
6.05 
6.60 

SPECIFIC 
HA.TERIAL 

cca.usrN 
CCClUSIN 
oca.usJN 
CCCLUSIN 
OCCUJSIN 
OCCUJSIN 
OCCLUSIN 
OCClOSIN 
OCClOSlN 
OCCLIJSIN 

AD APTICit ... APTICII 
AD APTICII 
AD APTICII ... APTICII ... APTICII 

APTICII AD 
ADAPT 
AD 

JCU 
APTJCII ... APTlCll 

fULFILL 
FULFILL 
RILFILL 
FULFILL 
RJLFILl 
FULFILL 
FULFILL 
FULFILL 
FULFILL 
FULFILL 

v ,,.,..... 
v ISOIOLAR 
v IS<J<:UJ< 
v JSCJ40CAR 
v IS<J<:UJ< 
v lsot<UR 
v IS<><XM 
v I"""'-" 
v I SOlOW 
v JS<J<:UJ< 
0 ISTAliTE 
0 ISTALJTE 
0 ISTALJTE 
0 ISTALJTE 
0 ISTALITE 
0 ISTALITE 
0 ISTALITE 
0 ISTALJTE 
0 ISTALITE 
0 ISTALJTE 

STCASE loU! 
loU! 
loUIST 
loU! 
loU! 
loUIST 
loU! 
loUIST .... 

STCASE 
CASE 

STCASE 
STCASE 

CASE 
ST<ASE 

CASE 
STCASE 

==-==-=======--=~==-::z_-===z=a==..::. -

fRACRJRE 
TaJ!iiiHESS 

MPa•m 
=== 

1.91 
1.91 
1.91 
1.91 
1.91 
1.91 . 
1.91 
1.91 
1.91 
1.91 
1.36 
1.36 
1.36 
1.36 
1.36 
1.36 
1.36 
1.36 
1.36 
1.36 
1.19 
1.19 
1.19 
1.19 
1.19 
1.19 
t. 19 
1.19 
1.19 
1.19 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
0.74 
0.74 
0.74 
0.74 
0.74 
0.74 
0.74 
0.74 
0.74 
0.74 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
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YIELD SAFtTT 
STREHGTH FACTCR 

Hl'a THICOIESS 
-

188.00 5.33 
188.00 5.38 
188.00 5.43 
188.00 5.47 
188.00 5.52 
188.00 5.57 
188.00 5.62 
188.00 5.67 
188.00 5.72 
188.00 5.76 
194.20 8.16 
194.20 10.20 
194.20 ·12.23 
194.20 14.27 
194.20 16.31 
194.20 18.35 
194.20 20.39 
194.20 2Z.43 
194.20 24.47 
194.20 26.51 
165.40 7.73 
165.40 9.66 
165.40 11.59 
165.40 13.52 
165.40 15.45 
165.40 17.39 
165.40 19.32 
165.40 21.25 
165.40 23.18 
165.40 25.11 
120.60 2.27 
120.60 2.84 
120.60 3.41 
120.60 3.98 
120.60 4.55 
120.60 5.11 
120.60 5.68 
120.60 6.25 
120.60 6.82 
120.60 7.39 
129.99 12.34 
129.99 15.43 
129.99 18.51 
129.99 21.60 
129.99 24.69 
129.99 27.77 
129.99 30.86 
129.99 33.94 
129.99 37.QJ 
129.99 40.11 
75.00 0.36 
75.00 0.45 
75.00 0.54 
75.00 0.63 
75.00 0.72 
75.00 0.151 
75.00 0.90 
75.00 0.99 
75.00 1.08 

X y 
mn. ma. 

-
0.33 
0.33 
0.34 
0.35' 
0.36 
0.36 
0.37 
0.38 
0.39 
0.39 
0.10 
0.25 
0.,0 
0.55 
0.70 
0.85 
1.00 
1.15 
1.30 
1.45 
0.10 
0.25 
0.40 
0.55 
0.70 
0.85 
1.00 
1.15 
1.30 
1.45 
0.10 
0.25 
0.40 
0.55 
0.70 
0.85 
1.00 
1.15 
1.30 
1.45 
o.1o 
0.25 
0.40 
0.55 
0.70 
0.85 
1.00 
1.15 
1.30 
1.45 
0.10 
0.25 
0.48 
0.55 
0.70 
0.85 
1.00 
1.15 
1.30 

= 
0.69 
0.69 
0.70 
0.71 
0.71 
0.72 
0.73 
0.73 
0.74 
0.74 
0.50 
0.63 
0.75. 
0.88' 
1.00 
1.13 
1.25 
1.38 
1.50 
1.63 
0.50 
0.63 
0.75 
0.88 
1.00 
1.13 
1.25 
1.38 
1.50 
1.63 
0.50 
0.63 
0.75 
0.88 
1.00 
,_ 13 
1.25 
1.38 
1.50 
1.63 
0.50 
0.63 
0.75 
0.88 
t.oo 
t. 13 
1.25 
1.38 
1.50 
1.63 
0.50 
0.63. 
0.75 
o.88 
1.00 
1.13 
1.25 
1.38 
1.50 -=== 




