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CHAPTER 1 

INTRODUCTION 

With the increasing use of metals from the time of the industrial revolution, there 

has been an increase in number of catastrophic failures of structures and machinery. 

Some of them could be traced to poor design and others were due to deficiencies in the 

material. Material, which in a simple tensile test would behave in a reasonably ductile 

manner and exhibit sufficient strength, would, nevertheless, under certain circumstances, fail 

drastically at lower loading and often in a far from ductile manner. An important 

characteristic of this materials failure was, the presence of pre-existing crack-like flaws. 

These could be impurities, cavities in the material or even defects such as scratches on the 

surface. Fracture would start from these flaws. Understanding the relationship between the 

size, shape, and nature of flaws and the stress levels at which failure occurs is part of what is 

known as fracture mechanics. 

A systematic study of mechanical behaviour including fracture was first developed 

for metals and the concepts later applied to polymers. A basic concept of the subject is the 

imbalance between the energy needed to continue enlargement of a crack and the energy 

available from the work of external forces and internal elastic strain energy. The mechanical 

property that characterizes fracture behaviour of a material is fracture toughness (in particular 

fracture toughness under plane strain conditions). 



A recently developed fracture toughness tool eliminates the requirement for 

sophisticated equipment, specimen preparation, and difficult pre-cracking procedures in 

determining the fracture toughness of metals. This tool developed by Stromswold and 

Quesnel (1992), University of Rochester Material Science Department, reduces the cost and 

time of specimen preparation. ASTM El 304 standard eliminates the requirement for pre-

cracking to create a sharp crack in the specimens and thus reduces cost of specimen 

preparation to a great extent. This standard uses short rod or bar specimens with a chevron 

notch that creates a sharp crack immediately when the load is applied. However, machining 

of the notch and testing of specimens requires expensive equipment. The simplified tool for 

fracture toughness employs the chevron notch design and has shown valid results for high 

strength metallic materials. 

The fracture toughness tool developed by Stromswold and Quesnel further reduces 

the cost by using essentially a cantilever beam specimen that simplifies the preparation of the 

specimen. This test should closely simulate the four-point bend test. An unskilled technician 

can perform the testing required to determine fracture toughness. 

Research done by Marnock (1997), University of North Texas, Department of 

Engineering Technology, gave valid results for polycarbonate using the toughness tool. 

Using a simplified tool for polymers would have some of the same advantages of reducing 

cost in specimen preparation and testing. 

ASTM D5045 - 95 defines a standard method for obtaining the fracture toughness 

of polymeric materials. Specimen dimensions used in the ASTM D5045 - 95 are designed to 

insure that plane strain conditions are obtained at the crack tip as required for valid Kjc 

values. 



There are two types of tests defined by ASTM D5045 - 95, the single edge notch 

(SEN) bend and compact tension (CT). SEN bend specimens were designed to test using the 

three-point bend method and provide mode I crack opening. Compact tension specimens are 

to be subjected to tensile stresses. In both these specimens, the thickness needed to be large 

enough to produce plane strain conditions depends on the toughness and ductility of the 

material and must satisfy the inequality given below. 

B >2.5 (1-1) 

Where, 

B = thickness of the specimen 

Kic = fracture toughness value 

ays = yield strength 

The procedure as per ASTM D5045 - 95 is to obtain a load deflection curve and 

from it obtain data leading to Kic. The ASTM D5045 - 95 standard uses a span to the width 

ratio (S/W) of four for three-point specimens. 

In this study (Fig. 1.1), the stress intensity geometry factor for ASTM SEN 

specimens is 

S / a 

/(*) = W\W 

2 1 + 2—II 1 -
Wj{ W 
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Because S/W is a little smaller than four, 

Where, 

S = span of the specimen, 

W = width of the specimen, 

a = effective crack length. 

Limited plastic deformation at the crack tip is guaranteed by the specimen geometry 

of including the width, thickness and notch configuration. Conditional fracture toughness 

(KQ) as per ASTM D5045 - 95 is determined using equation, 

f \ PQ 
f(x), (1-3) 

Where, 

PQ = the candidate load obtained as per A S T M D5045 - 95, 

B = the thickness, 

W = the width, 

f (x) = a geometry factor dependent on the span and width of the specimen and the 

effective crack length. 

If KQ satisfies the inequality given by, 

B,a,(W -a)> 2.5 
fK v 

-kg ( 1 - 4 ) 

It is accepted as a valid KIc.The Kic value for the four-point bend and hand held tool 

tests is given by, 

K = n c B25 ' 
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Fig. 1.1 ASTM single edge notch three-point bend specimen. 
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Where, 

C = the critical shape factor depend on the geometry of specimen, 

B = specimen thickness, 

M = applied moment given by, 

M = —, <' - 6> 
8 

Where, 

P = load applied, 

S = span of the specimen. 

Hence specimen dimensions and notch configurations play important roles in 

determination of fracture toughness values. 

When compared to the other methods, the fracture toughness tool developed for 

metals by Stromswold and Quesnel is inexpensive and easy to use. Specimen preparation is 

not difficult, as notch placement is not a critical concern. The toughness testing tool is a 

simple testing device which does not need expensive equipment to determine Kic. The low 

cost of this tool could allow access to fracture toughness testing for a greater number of 

companies. The focus of this research has been the adoption of continuing research in the 

Department of Engineering Technology at the University of North Texas. 

1.1 * Problem Statement 

The lack of fracture toughness data for polymers and their increasing use in 

structural applications are the basis for the problems addressed in this thesis. The objective 



of this thesis is to examine the applicability to plastics, of a fracture toughness tool 

previously developed for metals. The previous work of Marnock examined polycarbonate 

and HDPE. These polymeric materials were tested to compare their ASTM fracture 

toughness values with that four-point test and hand held tool. Marnock found that the fracture 

toughness values obtained using the handheld tool replicated the values obtained using a 

four-point bend test. Thus the material in this study was tested on the Sintec Testing 

Machine using four-point bend loading to simulate the toughness tool. Fracture toughness 

values were obtained after various environmental pre-conditioning treatments. Specimens 

were tested after subjecting them to laboratory atmosphere for a specified duration of time or 

to a controlled temperature in an oven. Some samples were also subjected to an elevated 

temperature vacuum prior to testing. The results determine whether the polymer specimens, 

tested at different razor notch depths and various environmental pre-conditions produce valid 

fracture toughness results. 

1.2 Purpose 

The purpose of this thesis is to determine the feasibility of using a fracture 

toughness tool for plastics which is similar to the tool developed for metals by Stromswold 

and Quesnel (1992). The primary area of concern is the sensitivity of fracture toughness of 

polymeric materials to various environmental pre-conditioning treatments. The other area of 

major concern is the variability introduced by the preparation of test specimens. This area is 

concerned with the fabrication of the notch and in particular using a razor blade to create the 

sharp crack. Use of fixtures that hold the specimen during machining and tools used to cut 

the razor notch help to both reduce the variation and facilitate the preparation of the 

specimens. Another area of interest is to reduce the amount of time needed to produce the 
7 



specimens. Fixtures developed at the Department of Engineering Technology, University of 

North Texas, by Dr. Phillip R. Foster have been used to produce multiple specimen blanks 

and cut the chevron notch with as little variation as possible. The amount of time spent 

producing a razor notch is reduced by using a holding device that holds razor blades for easy 

loading and unloading. 

1.3 Research Questions / Hypotheses 

The research questi ons addressed are presented in terms of null (H0) and alternate 

(Ha) hypotheses. 

1. H0 : jj. = 

Ha - (J-o ^ J-A 

Where: 

H = the mean of the 4 point specimen group tested on the Sintec machine. 

|i0
 = the mean of the ASTM D5045-95 three-point bend specimen group. 

2. H0 : m = Ho 

Ha : Hi ^ Ho 

Where: 

Ho = the mean of the ASTM D5045-95 three-point bend specimen group. 

Hi = the mean of the 4-point bend specimen group with varying depth of razor 

notch depths, where i = (no razor notch, 0.020", 0.040", 0.060", 0.080"). 



3. H0 ; Ho M-j 

H a : Ho * Mj 

Where: 

|4.0
 = the mean of the ASTM D5045-95 three-point bend specimen group. 

p.j = the mean of the 4-point bend specimen group with varying depth of razor 

notch depths, where j = (lab air conditioning, oven conditioning, vacuum 

conditioning). 

1.4 Statement of need 

It has been a serious concern for designers and scientists to avoid catastrophic 

failure for materials used in structural appl ications. The causes of most structural failures 

generally fall into one of these following categories. 

1. Negligence during design, construction or operation of the structure. In this 

case, existing procedures are sufficient to avoid failure, but they are not followed by 

one or more of the parties involved, due to human error, ignorance, or wilful 

misconduct. Poor workmanship, inappropriate or non-standard materials, errors in 

stress analysis, and operator error are examples of where the appropriate technology 

is available but not applied. 

2. Application of a new design or material, which produces an unexpected result. 

The second type of failure is much more difficult to prevent. Fracture mechanics 

offers structural designers a tool to understand how and why a fracture occurs in a 

given material based on the properties of the material. The increasing use of 

plastics in the engineering applications under various environmental conditions 



requires more effort to understand the fracture behaviour of polymers. Time 

dependent viscoelastic behaviour of polymers adds new factors that do not exist in 

metallic materials. ASTM D5045 - 95 Standard provides testing methods for 

determination of fracture toughness. Unfortunately ASTM methods require 

resources that are not available to all companies and some times are not an 

affordable test method. The fracture toughness tool developed by Stromswold and 

Quesnel for metallic materials may meet the conditions for the determination of 

polymer fracture toughness. 

1.5 Research Methodology 

The areas included in this section are the research design, outlining the sampling 

techniques, identifying the major steps in conducting the study, identifying variables, data 

analysis and data collecting techniques. The method of this research is experimental where 

independent variables are controlled and manipulated, moderating variables are eliminated 

and measured and effects of independent variables on the dependent variable are observed in 

a controlled environment. Extraneous variables could influence relationships between the 

dependent and independent variables studied. Also, intervening variables that can neither be 

measured nor controlled but could affect the relationship between the dependent and 

independent variables are identified. The dependent variable is the fracture toughness value 

that is to be determined. The independent variables include the type of material, the 

environmental pre-conditioning, the depth of razor notch, and the orientation of the 

specimens. Extraneous variables that affect this research include time delays and effect of 

machining the specimens. 



Sample groups were selected from the specimens made from the standard thickness 

of '/z" plates of Nylon, Polystyrene, HDPE, and PVC. One hundred forty samples were made 

according to the specimen configuration given by Stromswold and Quesnel. Again these 

four-point bend specimens were grouped according to their razor notch depths and type of 

environmental pre-conditioning. Ten specimens were considered for each of the groups in 

four-point bend testing. 

Twenty nylon specimens, 40 polystyrene specimens, 30 HDPE, and 50 PVC 

specimens were used to determine the fracture toughness of the sample groups using the 

four-point bend test. Each of the two nylon sample groups at 0.040" razor notch depth was 

divided according to the type of pre-conditioning. One of the groups was conditioned in lab 

air for more than 2 months and the other was subjected to vacuum at a temperature of 33 ° C 

and pressure of 0.20" of Hg for 24 hours. Each of the four polystyrene sample groups was 

conditioned at lab air for more than 2 months and divided on the basis of their razor notch 

depths (0.020", 0.040, 0.060", 0.080"). HDPE specimens were divided into three sample 

groups at constant razor notch depth of 0.020". Each of these HDPE sample groups were 

subjected to lab air for more than 2 months, oven temperature at 31° C for more than 48 

hours, and vacuum at 33°C temperature and pressure of 0.20" of Hg for 24 hours, 

respectively. Out of the five PVC sample groups four of them were divided according to 

their razor notch depths (no notch, 0.020", 0.040, 0.060") and another sample group was 

conditioned in vacuum at 33° C temperature and pressure of 0.20" of Hg at a razor notch 

depth of 0.020". 

All these four types of material were fracture toughness tested according to the 

ASTM D5045-95 standard. Two groups of nylon were tested. The first group with three 



specimens subjected to lab air for more than 2 months and another with 4 specimens 

subjected to vacuum at a temperature of 33° C and 0.20 hg of pressure for 24 hours. Fourteen 

specimens of the polystyrene group, 6 specimens of the HDPE group, and 6 specimens of the 

PVC group were fracture toughness tested according to the same ASTM standard under 

normal lab air pre-conditioning. 

The fracture toughness values obtained for chevron notched specimens under 

various environmental pre-conditioning was compared to the results obtained from the 

ASTM groups. Mean fracture toughness values obtained from four-point bend test groups 

within the same material were compared according to either razor notch depth or type of pre-

conditioning. The data analysis was accomplished through the use of the student's t-test. 

Because of the small sample sizes and difference in small group sizes the t-test was used. 

Finally, conclusions were drawn from these results to provide future research 

directions. The recommendations on pre-conditioning are based on the data analysis of test 

results of environmental pre-conditioning prior to fracture toughness testing. Adaptability of 

the fracture toughness tool to a variety of polymers was also a goal for this study. 

1.6 Assumptions 

The assumptions applying to the research performed in this thesis are. 

1. Variations in ambient temperature during both manufacturing and testing specimens 

will not have effect on the test results. 

2. The time spent for complete fabrication of specimens and testing will not 

impact the test results. 



3. Chevron notch specimen design for metallic specimens applies to the polymeric 

materials. 

4. The four-point bend test results obtained on the Sintec machine replicates the 

results obtained using the hand-held tool. 

5. Unknown additives were components of the polystyrene material and the material is 

assumed to be high impact polystyrene. 

6. Temperatures inside the curing oven and vacuum chamber will be a constant. 

7. Vacuum pressure remains constant at a pressure of 0.20" of Hg. 

1.7 Limitations 

The limitations that apply to this thesis are 

1. The study is limited to nylon, polystyrene, a high density polyethylene (HDPE), and 

polyvinyl chloride (PVC). All of which are time dependent viscoelastic materials. 

2. The study will be limited to the specimens subjected to 31 ° C for 48 hours, 

specimens left in lab environment for more than two months or to the specimens 

subjected to vacuum at temperature of 33° C for 24 hours. 

3. The depths of razor notch in the specimens used in comparisons were limited to 

0.020", 0.040", 0.060", 0.080" and no razor notch. 

4. The specimen thickness is determined by nominal standard plate stock being used 

which comes with the standard thickness of 14" inch. 

1.8 Overview 

This thesis addresses the importance of fracture mechanics and fracture toughness 

to the polymeric materials under various environmental pre-conditioning and different types 



of tests. The methods and procedures for testing fracture toughness of polymers is 

thoroughly discussed. The purpose of research, problem statement, hypotheses and questions 

related to the research method adopted, limitations, and assumptions considered are 

discussed in chapter one. Chapter two describes the basic concepts of the theory of fracture 

mechanics applied to structures. The stress intensity approach and how the environment 

affects the fracture toughness of polymeric materials is also discussed. Since specimen 

geometry is an important factor, the dimensional aspects of the specimens with their notch 

configuration are discussed in this chapter. Chapter three discusses the methods of specimen 

preparation, procedures and methods of conventional three-point bend testing and four-point 

bend testing. Apart from three-point and four-point bend test procedures, tensile test 

procedures are discussed. Utilization of various tools, jigs, and fixtures in the fabrication of 

the specimens is described. This chapter also discusses the methods adopted for analysing 

the test results. All the data obtained in the three types of testing are presented and actual data 

are analysed in chapter four. Analysis is carried out by comparing the four-point test results 

with ASTM fracture toughness values. Fracture toughness values are compared among the 

sample groups based on the depth of the razor notch or the type of environmental pre-

conditioning. Conclusions and recommendations are discussed in chapter five and six 

respectively. Appendices and references are also provided. 



CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Fracture toughness 

A systematic study of fracture was initially developed for ceramics and metals, and 

the same concepts were later applied to plastics and polymers. Fracture toughness is the 

material property that describes failure by brittle fracture. The procedure for finding fracture 

toughness of polymers has been standardised in ASTM 5045. 

The goal of fracture toughness testing is to measure the material property, fracture 

toughness, that describes failure by brittle fracture. The two design concepts mentioned in 

the selection of materials and structural design are classical design approach and fracture 

mechanics. 

In the traditional approach to classical design, stresses at some point in the material 

are found and are compared to the yield or ultimate stresses modified by a safety factor. In 

the later case the anticipated design stress is compared to the flow properties of the candidate 

material, a material is assumed to be adequate if its strength is greater than the expected 

applied stress. 

An important factor, which was recognised in the study of fracture, was the 

presence of pre-existing crack-like flaws. This is due to the presence of impurities, cavities 

in the material or defects such as scratches in the surfaces. Fractures initiate from these 

flaws. Relationships between the size, shape and nature of the flaws and the stress levels at 

which failure can occur have been developed and are known as fracture mechanics. One of 



the fundamental assumptions of fracture mechanics is that fracture toughness should be 

independent of the size and geometry of the cracked body. 

One approach to fracture mechanics is to show the imbalance between energy 

needed to continue the crack enlargement and the energy available from the external force 

and the internal strain energy. These basic concepts and related equations were developed by 

Griffith and published in 1921. Griffith considered glass, which behaves in a linear elastic 

manner up to or almost up to the fracture. Later on the same theory was modified for more 

ductile materials, which nevertheless behaved elastically except very close to the tip of the 

growing crack. This theory is known as linear-elastic fracture mechanics (LEFM). 

The fracture mechanics approach has three important variables, rather than the two 

in traditional classical design approach (Fig. 2.1). The two alternate approaches to fracture 

analysis are the energy criterion and the stress intensity approach. 

The energy approach states that the fracture occurs when the energy available for 

crack growth is sufficient to overcome the crack propagation resistance of the material. 

Material resistance may include the surface energy, plastic work, or other type of energy 

dissipation associated with a propagating crack. 

The energy criterion to fracture was first proposed by Griffith (1920), but Irwin 

(1958) holds the primary responsibility for developing the latest version. The energy release 

rate, G, which is defined as the rate of change in potential energy with crack area 
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Fig.2.1 Design approach in the selection of material. 
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for a linear elastic material. At the moment of fracture, G=GC. where Gc is the critical release 

rate, which is a measure of fracture toughness. 

For a crack of length 2a in an infinite plate subject to a remote tensile stress (Fig. 

2.2), the energy release rate is given by 

G = n c j l a (2 -1) 

Where E is Young's modulus, a is the remotely applied stress, and a is the half 

crack length. At fracture, G = GC and the above equation describes the critical combination of 

stress and crack size for failure. 

Gc = 
KG)ae (2-2) 

For a constant Gc value, failure stress, cjf, varies with 1/Va. Energy release rate, G, is 

the driving force for fracture, while Gc is the material's resistance to fracture. To draw an 

analogy to the strength of materials approach, the applied stress can be viewed as the driving 

force for plastic deformation, while the yield strength is a measure of the material resistance 

to deformation. 

The tensile stress analogy is also useful for illustrating the concept of similitude. A 

yield strength value measured with a laboratory specimen should be applicable to a large 

structure, yield strength does not depend on the sample size, provided the material is 

reasonably homogeneous. Fracture toughness measurement on a laboratory specimen 
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Fig.2.2 Through thickness crack in an infinite plate subjected to remote tensile stress. 
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should be applicable to a structure. As long as this assumption is valid, all configuration 

effects are taken into account by the driving force, G. The similitude assumption is valid as 

long as the material behaviour is predominantly linear elastic. 

2.2 The Stress Intensity Approach 

The Fig. 2.3 shows an element near the tip of the crack in an elastic material, 

together with the in-plane stresses on this element. Each stress component is proportional to 

a single constant, Kj. If this constant is known, the entire stress distribution at the crack tip 

can be computed with the equations in Fig. 2.3. This constant which is called the stress 

intensity factor, completely characterises the crack tip conditions in a linear elastic material. 

There are three types of loading that a crack can experience. Mode I loading, where the 

principal load is applied normal to the crack plane, tends to open the crack. Mode II 

corresponds to in-plane shear loading and tends to slide one crack face with respect to other. 

Mode III refers to out-of-plane shear. A cracked body can be loaded in any one of these 

modes, or a combination of two or three modes. In order for the stress intensity factor to be 

useful, one must be able to determine K from remote loads and the geometry. Closed form 

solutions for K values have been derived for a number of configurations. One configuration 

for which a closed-form solution exists is a through crack in an infinite plate subjected to a 

remote tensile stress. Since the remote stress, cr, is perpendicular to the crack plane, the 

loading is pure mode I. Linear elastic materials must undergo proportional stressing; i.e, all 

stress components at all locations increase in proportion to the remotely applied forces. 
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Fig.2.3 Stress near crack tip in an elastic material. 



Thus the crack tip stresses must be proportional to the remote stress, and Kj. 

The stress intensity has units of stress*length . Since the only relevant length 

scale is the crack size, the relationship between Ki and the global conditions must have the 

following form, 

K,acr4a (2-3) 

Thus the amplitude of the crack tip singularity for this configuration is proportional to the 

remote stress and the square root of the crack size. 

If one assumes that the material fails locally at some critical combination of stress 

and strain, then it follows that fracture toughness must occur at a critical stress intensity 

factor, Kic. Thus Kjc is an alternate measure of fracture toughness. For the plate illustrated in 

the Fig. 2.2, the stress intensity factor is given by 

K, - a-Jna (2-4) 

Failure occurs when Ki = Kic. In this case, Ki is the driving force for fracture and 

Kjc is a measure of material resistance. As with Gc, the property of similitude should apply to 

Kic. That is Kic is assumed to be a size-independent material property. 

Comparing equation (2-1) and equation (2-4) results in a relationship between Kj 

and G 

G = & (2-5) 
E 



3 . c r i t i ca l -

oo 

< £ 

FAILURE 
V 

Useful life 

TIME 

Fig.2.4 Damage tolerance approach to design. 



This same relationship obviously holds for Gc and Kic. Thus the energy and stress 

intensity approaches to fracture mechanics are essentially equivalent for linear elastic 

materials. 

Consider a flaw in a structure that grows with time as illustrated schematically in 

Fig. 2.4. If the fracture toughness of the material is known, fracture mechanics relationships 

provide an estimate of the critical flaw size required to cause failure in the structure. 

Normally, an allowable flaw size would be defined by dividing the critical size by a safety 

factor. The structure would then be allowed to operate until the flaw grew to the maximum 

allowable size. Of course this implies use of reliable non-destructive flaw detection, 

measurement methods, and equipment. 

*-

2.3 Previous Related Research 

Fracture toughness is considered as the important factor in the selection of materials 

for structures. Much previous research on polymers has been carried out in this field, where 

the effect of plastic zone, of razor notch depth, and specimen dimensions on the fracture 

toughness were established. 

An engineering tool for testing fracture toughness of metals and ceramics has been 

devised by E.I. Stromswold and D.J. Quesnel (1992). The test tool and procedure developed 

by these researchers involves testing chevron notched four-point bend geometry specimens 

which somewhat duplicates the chevron notched short rod and short bar geometry used in 

ASTM El 304. This involves less and easier machining of samples thus reducing the cost of 

material as well as the time for sample preparation. The required machining for preparation 

of chevron notched four-point bend samples is less critical than its short bar and short rod 



counterparts. The area surrounding the crack in a chevron notch bend sample is exposed to a 

constant bending moment during testing. Therefore, it is not necessary to accurately place the 

samples between the inner load points. Asa result the overall specimen length and position 

of the chevron notch are not critical dimensions. By contrast, the chevron notched short rod 

and bar specimens were carefully prepared to ensure that the relative position of the chevron 

notch tip does not vary with respect to the loading points. Finally, it was found that the 

fracture toughness values, measured using this toughness tool, are identical to the values 

obtained when loading the samples in a servo-hydraulic testing system using a four-point 

bend fixture in displacement control (Sintec Machine, 1997). 

Based on the research done by E.I. Stromswold and D.J. Quesnel (1992), a study 

has been completed at University of North Texas by Marnock, who tested the simplified 

fracture toughness testing tool with polymers. The testing was carried out on samples 

prepared from polycarbonate (PC) and a high density polyethylene (HDPE). Depth of the 

razor notch was varied in order to examine the effect of razor notch depth on fracture 

toughness. Thus a simple inexpensive fracture toughness tool/test has been developed for the 

fracture toughness testing of polymers. These experiments were conducted to test the 

specimen configuration and fracture toughness tool against an established ASTM standard 

for polymer fracture toughness, D5045, and a commonly used four-point bend test. 

The study of fracture mechanics began with the work done by Griffith on the 

fracture of glass. He developed an energy equation to explain the mechanics of fracture at an 

internal crack with an elastic material and the additional assumption of a sharp crack. Later 

Irwin and Orowan (1950) developed Griffith's energy equation to account for less brittle 

materials by including the energy for deforming the material. The plane strain fracture 



toughness (Kic) was defined as a readily obtainable measured material property based on 

linear elastic fracture mechanics. ASTM D5045 - 95 defines the test standard for fracture 

toughness of polymeric materials. The understanding of how a material behaves at the crack 

tip allows the development of a testing procedure for the fracture toughness of that material. 

2.4 Environmental Effect on the Fracture Toughness 

Knowledge of environmental effects on the fracture toughness of plastics is 

essential for the design and selection of structural materials. An important step is to 

determine the effects of temperature and moisture on the material properties. This study is a 

preliminary step in comparing dry and moisture affected samples. 

Microcracks are an initial form of material damage which under hygrothermal and 

mechanical fatigue, can initiate and propagate other types of damages, that reduce product 

life. Microcracks are often found in plastics in different orientations because of thermal 

expansion variations. This difference in thermal expansion creates residual stresses, which in 

turn can cause microcracking. Beside this thermal mode of initiation, microcracks can also 

be induced physically, mechanically, or chemically. 

To characterize the effect of moisture on microcracking, the mode I stress intensity 

factor is studied for the samples subjected to various pre-test environmental conditions, such 

as pre-conditioning in oven, subjecting samples to lab atmosphere and vacuum. Water 

induced cracking in the absence of load, indicates that the other mechanisms might be 

contributing to microcracking under extreme exposure conditions (Anderson, 1995). The 

effect of pre-test environment on the fracture toughness of the plastics is investigated. In this 

study, the stress intensity factor Ki is determined for the samples subjected to pre-



conditioning in the lab atmospheric air, elevated temperature air in an oven and a few were 

subjected to an elevated temperature vacuum. 

2.5 Effect of Razor Notch and Dimensions of the Specimen 

The crack length and width and thickness of the specimen effect the size of the 

plastic zone. With the increase in crack size, the plastic zone size decrease (Patatunda and 

Benerjee, 1984), as a result the fracture toughness of the material is directly proportional to 

the specimen dimensions. As stated earlier, the plastic zone must be small in order to obtain 

the plane strain conditions at the crack tip. If the thickness is too small, the constraint at the 

crack tip relaxes. A lower degree of stress usually results in higher toughness. 

The effect of the thickness on the critical mode I stress intensity factor is shown in 

Fig. 2.5. Small thickness corresponds to the plane stress factor. Fracture toughness 

decreases with the increase in thickness until a plateau is reached, further increases in 

thickness have little or no effect. The critical Kj value at the plateau is defined as the Kic, the 

plane strain fracture toughness. Ki values corresponding to the less than plain strain 

constraints are not called Kic. They are simply designated as Kc values. 

The in-plane dimensions of a specimen or structure are as important as the 

thickness. In order for the stress intensity factor to have any meaning, there must be a 

singular dominated zone near the crack tip (Anderson, 1995). The singularity dominated 

zone is destroyed, as the plastic zone becomes too large. Generally, the singularity zone is 

small relative to the in-plane length scales in the structure. Therefore, the plastic zone must 

be small compared to the relevant dimensions. 
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Fig.2.5 Effect of specimen thickness on mode I fracture toughness. 



The crack length refers to the depth of the crack into the material. Above the 

critical thickness, Kc was found to be independent of the crack length. According to the 

ASTM 5045 - 95, in order to ensure the proper toughness value, it is required to make a 

sufficiently sharp crack. Specimen thickness must be sufficient to ensure a plane strain state 

of stress at the crack tip. The ASTM standard uses the following inequality to determine the 

proper crack length: 

.45 < — <.55 ( 2 - 6 ) 
W 

where, 

a = crack length, 

W = specimen width. 

There are two methods used to generate the sharp crack depending on the 

configuration and material of the specimen. For the metallic materials, the cracks are usually 

introduced by fatiguing or pre-cracking the specimen. According to the ASTM El304, it is 

not required to pre-crack the specimen with short rod or bar chevron notch configurations. 

The notch in these specimens is sufficient to create a pop-in crack upon loading, eliminating 

the pre-cracking process. Stormswold and Quesnel (1992) have incorporated the idea of 

eliminating pre-cracking with their chevron notch specimen design for metallic materials. 



Polymeric materials require different methods for introducing cracks. In order to 

introduce a sharp crack in the polymeric specimen, razor notching is recommended. The 

razor notch can either be created by drawing the blades across the notch or by pressing it into 

the notch directly. A crack made by razor notch is sufficiently sharp to produce the valid K[C 

values. ASTM D5045 - 95 uses the following equation to determine 

whether a conditional value, KQ, is a valid fracture toughness value, KIC: 

B,a,QV-a)> 2.5 
\a>J 

( 2 - 7 ) 

where, 

B = specimen thickness, 

a = crack length, 

W = specimen width, 

KQ = conditional fracture toughness values, 

cry = yield stress. 

The yield stress used in the above equation is obtained from the material being 

tested to obtain the conditional fracture toughness value, KQ. Since a ductile material will 

usually have a lower yield stress value, it is seen from the above equation that, the more 

ductile the material is, the larger the specimen needs to be. 



CHAPTER 3 

LABORATORY TESTING AND EXPERIMENTING 

The primary purpose of this study is to examine the applicability of fracture 

toughness tool developed for metals by Stromswold and Quesnel (1992) to polymeric 

materials. The laboratory testing includes preparation of the test specimens, test methods 

involved in determining the fracture toughness and tensile testing of the same materials. 

Methods of analysing the results obtained by the testing are also explained. 

3.1 Specimen Preparation 

The specimens were made from four different types of materials: nylon, 

polystyrene, high density polyethylene(HDPE), and polyvinyl chloride (PVC). All these 

materials are of unknown manufacture. As the orientation of specimens taken from the 

material affects the fracture toughness, an orientation was selected and maintained for all 

tests. L-T and L-S directions are commonly considered for testing purposes. The raw 

material was received in the form of 0.5 inch thick plates. The L,T, and S directions refer to 

the direction of rolling(L) (Fig. 3.1), the other rolling plane axis (T) and, the through 

thickness direction (S) define how the specimens were obtained from the plate in relation to 

how the material was formed. The L-T orientation was used for the purpose of testing these 

materials. In order to compare the fracture toughness values against a standard, a few 



Fig.3.1 Specimens with L-T orientation. 
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samples were made according to the ASTM 5045 - 95 standard. Another set of specimens 

was made according to the Stromswold and Quesnel (1992) specimen design. 

Tensile Specimens were prepared as per the ASTM D638 standard. All the 

specimens were made using the equipment supplied by UNT's Department of Engineering 

Technology. 

Specimens were manufactured using a Bridgeport horizontal spindle milling 

machine, Bridgeport vertical spindle milling machine with a variety of different arbor setups 

and cutters. The steps involved in making the specimens were: cutting the blanks from the 

raw material, sizing of blanks, producing multiple specimens from blanks, producing a 

chevron notch in individual specimens, and razor notching using a tool made exclusively for 

that purpose. Initially blanks were cut from the raw material on a vertical band saw. The 

dimensions of the blanks depended on specimen type and fixture used to prepare the notch. 

These blanks were machined to Vi' x 14" x 3-1/2" for the chevron notched specimens (Fig. 

3.2), '/2" x 1" x 4-1/2" (Fig. 3.3) for the ASTM specimens, and lA" x 1" x 5" (Fig. 3.4) for 

tensile specimens. All these blanks were sized using the vertical milling machine. A 3A" 

high speed steel (HSS) end mill was used to machine the blanks for all specimens. Blanks 

made for chevron notched specimens were held in a specialised fixture made by Dr. Phillip 

R. Foster, Associate Professor, Department of Engineering Technology, UNT. This fixture is 

clamped to a Bridgeport horizontal milling machine in order to cut each blank into five 

individual specimens. Two blanks can be machined simultaneously creating ten specimens 

in a single machining stroke. Certain precautionary measures were taken to get the consistent 

specimen dimensions. 
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Fig.3.3 Three point bend single edge notch specimen. 
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Fig.3.4 Tensile specimen. 



An indexing tool developed by Dr. Foster was used to produce the chevron notch on 

the individual specimens. This tool uses a 72 tooth cutter .010" in thickness with a 2-3/4" 

diameter. Each tooth was ground to a 60° angle in keeping with the design used by 

Stromswold and Quesnel (1992) in order to produce the sharp notch. The indexing tool 

allowed a 90° indexing of the specimen while providing secure clamping. The razor cut was 

made on all these specimens using a hand held razor holder made by Marnock (1997), who 

developed the simplified fracture toughness testing procedure for polymers. A new razor 

blade was used to produce each notch in the individual specimens. A razor holder was 

designed to allow easy removal and loading of the razor blades while providing the support 

needed to press the razor blade into the notch without breaking the blade. For ASTM single 

edge notch three-point bend specimens, the blanks were held securely in a fixture mounted in 

a fixed vise on the milling machine table. A 16 tooth, 2.950" diameter cutter was used to cut 

the notch. Finally a razor notch.of depth 0.020" was made in ASTM specimens. The 

specimens for the tensile test were finished with the aid of a 3" HSS end mill cutter, which 

was fed into the side of the blank producing the desired radius feature. There was no fixture 

used to create tensile specimens. During all machining, compressed air was used to cool the 

cutters and remove chips from the cutter. Compressed air was used in order to keep any 

contamination from touching the plastic. This also keeps the cutters cool to prevent the 

plastics from melting of softening excessively. 

Chevron notched specimens and ASTM specimens were subjected to the various 

environmental pre-conditioning before testing. For each type of material, some specimens 

were allowed to cure or pre-condition in lab air for more than 2 months. A set of specimens 



was subjected to elevated temperature according to ASTM D1870 - 91 in a controlled oven at 

31° C for 48 hours. Another set of specimen was subjected to vacuum at a temperature of 

31 ° C and pressure of 0.20" of Hg for 24 hours. The razor notching on all the specimens was 

done after pre-conditioning them. 

3.2 Testing Methods and Procedures 

SEN three-point bend specimens and tensile specimens were tested according to the 

ASTM standards, ASTM D5045 - 95 and ASTM D638 respectively. The chevron notched 

specimens were tested as per the procedure specified by Stromswold and Quesnel (1992). 

The three-point and four-point bend specimens were tested on the universal Sintec machine 

in order to obtain peak load and load versus deflection curves. From the study done by 

Marnock (1997), it was found that the results obtained on the universal Sintec machine 

exactly replicates the results obtained using the hand held fracture toughness tool. The Sintec 

machine on which both SEN three-point bend test and chevron notched four-point bend tests 

were conducted is available in the Department of Material Science, UNT. A computer 

printout of the load versus deflection curve was obtained for all the specimens tested. 

3.2.1 Chevron Notched Four-Point Bend Test 

The four -point test involves loading a specimen at two load points equally spaced 

from their adjacent support points, with a distance between load points of one-half of the 

support span. The specimens were deflected until rupture occured. Four-point specimens 

were divided into different groups according to their environmental pre-conditioning and 



razor notch depth. Depth of razor notch was varied for four-point specimens. Different razor 

notch depths were .020", .040", .060", and .080" and no razor notch cut. Specimens were 

subjected to different environmental pre-conditioning. Conditioning of specimens was carried 

out to remove the moisture taken up by the samples as they are subjected to different 

environmental conditions from the procurement of raw material to the completion of 

machining processes. 

Sets of nylon specimens were subjected to oven conditioning and vacuum. The 

.040" razor notch was made in all these specimens. All polystyrene specimens were 

subjected to oven conditioning at different razor notch depths such as .020", .040", .060", and 

.080". Each of the three sets of HDPE specimens was subjected to lab air, oven temperature 

and vacuum. A .020" depth of razor notch was used on all these specimens. Sets of 

polyvinyl chloride specimens were subjected to lab air and razor notch depth of .020", .040", 

.060", and no notch. Another set of PVC specimens was subjected to vacuum at 31° C 

temperature and pressure of 0.20" of Hg with .020" razor notch depth. 

3.2.2 Tensile Test 

Tensile tests were carried out in order to find out the yield strength of the materials. 

All types of material were tested in the lab. Tensile testing was done as per ASTM D638 on 

a universal tensile testing machine available in the Department of Material Science, UNT. 

Peak loads were obtained and used in the determination of yield strength of the material. 

Prior to the testing the dimensions of the tensile specimens were measured and the cross 

sectional area the specimens calculated. 
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Fig.3.5 Tensile test set up. 
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Fig.3.7 Four point bend test set up. 



3.2.3 Single Edge Notch Three-Point Bend Test 

A three-point bend testing as per ASTM D5045 - 95 was carried out to find the 

fracture toughness of material. Three-point bend testing uses center loading on a simply 

supported beam. The specimens were placed on two supports and loaded by means of a 

loading nose midway between the supports. The difference between three-point bend and 

four-point bend tests is in the location of maximum bending moment and maximum axial 

fibre stresses. The maximum axial fibre stresses occur on a line under the loading nose in 

three-point bend test and over the specimen length between loading loads in four-point bend 

tests. From the results obtained by tensile tests and the fracture toughness values obtained 

from the three-point bend tests the validity of the fracture toughness as required by ASTM 

standard could be completed. 

3.3 Method of Analysis 

The analysis included determination of fracture toughness mean values and standard 

deviations for the ASTM tests and the four-point bend tests and comparing the results. The 

validity of fracture toughness values was determined based on measured material properties. 

A population mean was determined for each type of material tested. A Student t-test was used 

to compare the results by sample group to determine if the fracture toughness values could be 

assumed to be from the same population independent of the type of specimen geometry or 

test used. These t-tests were used to test hypotheses about sample means. A null hypotheses 

takes a form that there is NO difference between the means of the two treatment or test types. 

The alternate hypotheses postulate that there is a difference. 



The fracture toughness values from ASTM tests were used as a benchmark for 

comparing the values obtained with the four-point bend specimens. Since samples 

determined by various environmental pre-conditioning and different razor notch depth were 

in groups of ten, a t-test was used as a tool for analysis as normal distribution can not be 

guaranteed. This research emphasizes providing a test method for the fracture toughness of 

polymeric materials comparable to the standard ASTM test. Relatively small variations in 

the standard deviation of ASTM tests were found as all the specimens dimensions were 

controlled as closely as possible. 



CHAPTER 4 

ANALYSIS AND RESULTS 

This chapter presents the results and comparisons of the fracture toughness values 

obtained in the tests discussed in the previous chapter. The effects and outcome of the 

research are discussed in terms of the controlled variables. Different types of tests beginning 

from tensile test to three-point and four-point bend tests are explained in this chapter. The 

results of these tests are presented and analysed. The fracture toughness values obtained 

from ASTM tests are compared with the fracture toughness values obtained from four-point 

bend tests. Various sample groups of four point bend specimens, based on their notch depths 

and environmental pre-conditioning are compared with each other. 

4.1 Tests 

Three types of tests were conducted in this research to determine the fracture 

toughness of various polymeric materials. A tensile test was conducted on nylon, 

polystyrene, HDPE, and PVC to determine the yield strength of the materials being tested. 

Standard three-point bend tests performed as per ASTM D5045 - 95 were performed to 

obtain fracture toughness values. Chevron notched specimens were tested using a four-point 

bend test to simulate results for a tool devised by Stromswold and Quesnel (1992). The 

fracture toughness values obtained by four-point bend test were compared to the values 

obtained using the standard ASTM tests. 



4.2 Tensile Test 

Specimens were prepared as per the ASTM D638 standard for conducting a tensile 

test for plastics. As accurate yield strengths for all types of materials used in this research 

were required, two specimens for each group of nylon, polystyrene, and PVC were tested. 

Four specimens were tested for the HDPE material. The mean yield strength obtained for 

these groups was required for determining the validity of the fracture toughness values from 

the ASTM test. The validity of fracture toughness depends on achieving the plane strain 

conditions at the crack tip. An accurate value of yield strength was needed in order to obtain 

meaningful calculations. 

Yield strength values were calculated from the maximum load obtained from the 

tensile tests. The ay, yield strength is given by 

where, 

P = maximum load, 

A = Area of cross section, 

A = tb, 

where, 

t = thickness of the specimen, 

b = width of the specimen at neck. 

Thickness and width of the specimens at the neck were measured for all specimens to 

obtain accurate value of cross sectional area. Table 4.1 lists the calculated yield strengths 



Material Description: NYLON 

Tensile test results 

Width Thickness Area Load (lb) Yield strength 
1 0.382 0.257 0.0982 1297.44 13215.72 
2 0.368 0.253 0.0931 1200.25 12891.50 

Mean 1248.85 13053.61 
St.dev 68.72 229.26 

Material Description: POLYSTYRENE 

Width Thickness Area Load (lb) Yield strength 
1 0.345 0.250 0.0863 309.61 3589.71 
2 0.321 0.235 0.0754 323.40 4287.15 

Mean 316.51 3938.43 
St.dev 9.75 493.16 

Material Description: HOPE 

Width Thickness Area Load (lb) Yield strength 
1 0.501 0.192 0.0962 400.27 4161.16 
2 0.504 0.190 0.0958 416.95 4354.11 
3 0.525 0.190 0.0998 476.95 4781.45 
4 0.560 0.210 0.1176 566.51 4817.26 

Mean 465.17 4528.50 
St.dev 75.16 322.86 

Material Description: PVC 

Width Thickness Area Load (lb) Yield strength 
1 0.358 0.258 0.0924 843.53 9132.65 
2 0.361 0.258 0.0931 859.51 9228.36 

Mean 851.52 9180.50 
St.dev 11.30 67.68 

Table.4.1 Yield strength values obtained in tensile test. 



for all four types of materials. Yield strength values obtained from these tests were used to 

check the validity of the fracture toughness. 

4.3 Three-Point Bend Test 

Results obtained from ASTM specimen groups were used as a benchmark to 

compare the results obtained in four-point chevron notched tests. A three-point bend testing 

as per ASTM D5045-95 was carried out to find the fracture toughness of each material. 

Three-point bend testing uses centre loading on a simply supported beam (Fig.4.1). 

Specimens were placed on two supports and loaded by means of a loading nose midway 

between the supports. The conditional fracture toughness values were obtained from the 

following equation given by the ASTM D5045-95 standard: 

P
Q 

I 
\BW\ 

/(*)> 

where, 

KQ = conditional fracture toughness value, 

PQ = maximum load, 

B = thickness of specimen, 0.50", 

W = width of specimen, 1 

f(x) = geometry derived value. 

The ratio of specimen width to thickness as given in ASTM D5045-95 standard is two 

(2). The ASTM standard provides an equation to determine the geometry function 
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Fig.4.1 Bending moment diagram for three point bend test. 



when the ratio of effective span to length (S/W)of specimen is four (4). Since this ratio was 

not used in this thesis, another equation given by Anderson (1995) was used to account for 

the different (S/W) ratio. The equation for determining geometry derived value is 

/(*) = 

S_ \a_ 

wiw 

2 1 + 2 
a 

W 

a 

W 

1.99 
a 

W 
1 -

a 

W 
2.15-3.93 

\Wj 
+ 2.7 

yWj 
(4 -2 ) 

where, 

S = span between the supports, 

W = width of the specimen, 

a = effective crack length. 

For the geometry of the single edge notch test the crack length, a, must be selected such that 

a 
0.45 < — <0.55, 

W 
(4 -3 ) 

In order for results to be considered valid according to these test methods, it was 

required that the size criteria be satisfied according to equation 

B,a,(W-a)> 2.5 ' V a 

(4 -4 ) 



where, 

B = specimen thickness, 

a = crack length, 

W = specimen width, 

KQ = conditional fracture toughness values, 

CTy = yield stress. 

The conditional fracture toughness values for ASTM sample groups were given in 

Table 4.3. The table also includes the validity check results for the fracture toughness values. 

The KQ values obtained from the specimen configuration, material yield strength, 

and the test equipment were examined. Nylon specimens subjected to both lab air and 

vacuum were found to give a valid result (Table. 4.2). The mean value of the validity for 

nylon was also within the limits. All specimens of polystyrene, HDPE, and PVC were 

conditioned at lab air, the results obtained from these materials also satisfies the validity test 

(Table. 4.3). 

Contrary to the results obtained by Marnock (1997) for the HDPE material, the test 

performed in this research reveals that the HDPE values meet the validity requirements. The 

mean value of yield strength obtained in this research was 4528.4 psi, the yield strength 

obtained by Marnock was observed to be 4200 psi. The descrepancy in Kic values is due to 

the fact that the HDPE used in this study has lower toughness. 



Three-point bend test results 

Material Description: NYLON 
Conditioning: Lab air for more than 2 months 

Width (b) Deoth (W) Lenqth (1) Crack size (a) Peak Load fp) x st a/W ffx) Kq Validity 
1 0.5 1 3.11 0.502 467.0 0.502 4.13 3853.70 0.22 
2 0.5 1 3.11 0.503 399.3 0.503 4.13 3296.52 0.16 
3 0.5 1 3.11 0.502 490.6 0.502 4.13 4053.71 0.24 

Mean 3736.31 0.21 
SLdev 393.15 

Variance I 154568.66 

Three-point bend test results 

Material Description: NYLON 
Conditioning: Vaccum at 33 degree C at 2 hg pressure for 24 hours 

Width Depth (W) Length (I) Crack size (a) Peak Load x = a/W f(x) Kq Validity 

1 0.5 1 3.11 0.502 492.7 0.502 4.13 4071.06 0.24 
2 0.5 1 3.11 0.503 426.4 0.503 4.13 3521.75 0.18 
3 0.5 1 3.11 0.502 340.9 0.502 4.13 2816.77 0.12 
4 0.5 1 3.11 0.502 319.5 0.502 4.13 2639.95 0.10 

Mean 3262J38 0.16 
SLdev 660.11 

Variance 435741.17 

Testing differences of means and t-vaiues 

pop mean 3465.49 
poo st.dev 534.71 

poo variance 9430.05 
t-critical at 

"*alpha=:0.05 2.02 

t-statistic 26.83 
critical value 149.45 

Tabie.4.2 ASTM test results of nylon obtained at different environmental conditioning. 



ASTM Fracture toughness values 

Material 
Mean Fracture 

Toughness 
Standard 
Deviation 

Variance Validity 
Check(<(»W)) 

NYLON 3465.49 534.7 323272.2 0.1803 (VAUD) 

POLYSTYRENE 786.27 24.06 579.07 0.0991 (VALID) 

HOPE 959.62 57.49 3306.21 0.1125 (VAUD) 

PVC 2729.84 42.39 1797.15 0.2205 (VAUD) 

Table.4.3 ASTM fracture toughness values. 



P / 2 P / 2 

i 
I 

P / 2 P / 2 

L / 4 1 L / 2 

M=PL/8 

Fig.4.2 Bending moment diagram for four point bend test. 



4.4 Four-Point Bend Test 

Four-point bend tests used a system with two load points equally spaced from their 

adjacent support points, with a distance between load points of one-half of the support span 

(Fig.4.2). The specimens were deflected until rupture occured. Testing was carried out on 

the Sintec testing machine which should replicates loading obtained using the hand held tool 

developed by Stromswold and Quesnel (1992). This tool eliminates the requirement of 

sophisticated equipment for determining the fracture toughness of metals and reduces the 

cost and time of specimen preparation. 

Sample groups were selected from the specimens made from the standard thickness of 

/4" plates of nylon, polystyrene, HDPE, and PVC. One hundred forty samples were made 

according to the specimen configuration given by Stromswold and Quesnel (1992). Also 

four-point specimens were grouped according to their razor notch depths and type of 

environmental pre-conditioning. Ten specimens were considered for each of the groups in 

four-point bend testing. 

4.5 Correlation 

The fracture toughness values obtained for four-point bend testing under various 

environmental pre-conditioning were compared to the results obtained for ASTM tests. Mean 

fracture toughness values obtained by four-point bend test group within the same material 

type were compared according to either razor notch depth or type of pre-conditioning. The 

data analysis was accomplished through the use of student's t-test. Results, conclusions and 

recommendations are drawn from these results. The fracture toughness values for each 

sample group according to the razor notch depths are given in 



Fracture toughness values for expanded sample groups 
Based on various depths of razor notch depths 

Material: POLYSTYRENE 
Conditioning : Lab air for more than 2 months 

ASTM ASTM 
Four-point bend 

test 
Four-point 
bend test 

Depth of razor 
notch 

Mean Fracture 
Toughness value 

Standard 
Deviation 

Mean Fracture 
Toughness value 

Standard 
Deviation 

0.020* 786.276 24.065 1664.181 79.19 
0.040" 786.276 24.065 1923.646 51.74 
0.060" 786.276 24.065 1802.799 43.07 
0.080" 786.276 24.065 1711.403 61.57 

Material: PVC 
Conditioning : Lab air for 7 days 

ASTM ASTM 
Four-point bend 

test 
Four-point 
bend test 

Depth of razor 
notch 

Mean Fracture 
Toughness value 

Standard 
Deviation 

Mean Fracture 
Toughness value 

Standard 
Deviation 

No Notch 2729.84 42.393 5071.16 204.26 
0.020* 2729.84 42.393 5113.92 222.43 
0.040" 2729.84 42.393 5240.83 152.81 
0.060" 2729.84 42.393 5001.42 189.26 

Table.4.5.1 Fracture toughness values for expanded sample groups based on various razor 

notch depths. 



Fracture toughness values for expanded sample groups 
Based on various types of conditioning 

Depth of razor notch: 0.040* 

Materia]: NYLON ASTM ASTM 
Four-point bend 

test 
! Four-point 

bend test 

Conditioning 
Mean Fracture 

Toughness value 
Standard 
Deviation 

Mean Fracture 
Toughness value 

Standard 
Deviation 

Lab air for 2 
months 

3736.31 393.153 5931.032 748.96 

Vaccum at 33 
degree C and .2 
hg pressure for 

24 hours 

3252.38 660.105 5756.72 700.3 

Depth of razor notch: 0.020-

Material: HOPE ASTM ASTM 
Four-point bend 

test 
Four-point 
bend test . 

Conditioning 
Mean Fracnjre 

Touqhness value 
Standard 
Deviation 

Mean Fracture 
Touahness value 

Standard 
Deviation 

Lab air for 2 
months 

959.631 • 57.499 2117.1 238.87 

temperature in 
oven at 31 

degree C for 48 
hours 

959.631 • 57.499 4671.38 487.81 

Vaccum at 33 
degree C and 2. 
hg pressure for 

24 hours 

959.631 * 57.499 3863.54 789.47 

Depth of razor notch: 0.020' 

Material: PVC ASTM ASTM 
Four-point bend 

test 
Four-point 
bend test 

Conditioning 
Mean Fracture 

Touqhness value 
Standard 
Deviation 

Mean Fracture 
Touqhness value 

Standard 
Deviation 

Vaccum at 33 
degree C and JZ 
hg pressure for 

24 hours 

2729.84 • 42.393 5159.088 164.96 

indicates that the ASTM specimens were conditioned in lab air only. 

Table.4.5.2 Fracture toughness values for expanded sample groups based on various types 

of conditioning. 
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Table. 4.5.1, and the fracture toughness values for each sample group according to the 

type of conditioning is given in Table. 4.5.2. 

4.6 Fracture Toughness Versus Razor Notch Depth 

Each of the four polystyrene sample groups was pre-conditioned at lab air for more 

than 2 months and divided on the basis of their razor notch depths (0.020", 0.040", 0.060", 

0.080"). The fracture toughness values decreased with the increase in the depth of the razor 

notch. The fracture toughness values for each sample group are given in Table. 4.6.1. 

Sample group with 0.020" was tested immediately after placement of the razor notch. 

Sample group with 0.040" razor notch depth was tested after 4 days from the placement of 

the notch, the fracture toughness values for this group were found to be more than the values 

obtained for 0.020" sample group. Similarly sample groups with 0.060", and 0.080" were 

tested 2 days after the placement of the razor notch, the fracture toughness values were more 

than the sample group with 0.020" and less than 0.040" razor notch depth. 

Of the five PVC sample groups four of them were divided according to their razor 

notch depths (no notch, 0.020", 0.040, 0.060"). The fracture toughness values for each 

sample group are given in Table. 4.6.2. Sample groups with no notch, and 0.060" were 

tested immediately after placement of the razor notch. Sample groups with 0.020" and 

0.040" razor notch depth were tested after 24 hours from the placement of the notch and the 

fracture toughness values for these groups were found to be more than the values obtained 

for the no notch sample group. The variation in the fracture toughness is due to the healing 

effect, which occurs at the crack tip when there is a the time delay between the razor notch 

placement and testing. 



Comparison of the fracture toughness values of different sample groups to the 

fracture toughness values obtained according to the ASTM standard is given in Table. 4.6.3. 

The research questions addressed are presented in terms of null (H0) and alternate (Ha) 

hypotheses. A comparision of means using the Student's t-test provides for acceptance or 

rejection of the hypotheses. 

1. H0 : Ho = f-M 

Ha • (J-o ^ JJ-i 

Where : 

(j.0 = the mean of the ASTM D5045 - 95 specimen group. 

(a.; = the mean of the 4-point specimen group with varying depth of razor 

notch depths, where i = (no razor notch, 0.020", 0.040", 0.060", 0.080"). 

For the comparison of sample groups, the t-critical value is taken from the standard 

tables according to the degree of freedom (d.f.=ni+ii2-2). For polystyrene, the calculated t-

statistic values were 5.47 for sample group with 0.020" notch depth, 8.00 for sample group 

with 0.040" notch depth, 7.38 for sample group with 0.060" notch depth, and 6.24 for sample 

group with 0.080" notch depth, each is larger than the t-critical value of 2.074. Therefore the 

null hypothesis were rejected. Comparing a PVC t-statistic value of 7.39 for sample group 

with no notch depth, 6.91 for sample group of 0.020" notch depth, 10.57 for the group with 

0.040" notch depth, and 7.73 for sample group with 0.060" notch depth, each was found to 

be more than the t-critical value of 2.145, and therefore the null hypothesis was rejected. 



Four-point bend fracture toughness values 

Material: POLYSTYRENE 
Conditioning : Lab air for more than 2 months 

Depth of razor 
notch 

Mean Fracture 
Toughness 

Standard 
Deviation Variance 

0.020" 1664.181 79.19 6272.53 

0.040" 1923.646 51.74 2677.09 

0.060" 1802.799 43.07 1855.51 

0.080" 1711.403 61.57 3792.02 

Table.4.6.1 Four-point bend fracture toughness values of polystyrene with different razor 

notch depths. 

so 



Four-point bend fracture toughness values 

Material: PVC 
Conditioning : Lab air for 7 days 

Depth of razor 
notch 

Mean Fracture 
Toughness 

Standard 
Deviation Variance 

No Notch 5071.16 204.26 41684.32 

0.020* 5113.92 222.43 49477 

0.040" 5240.83 152.81 23352.78 

0.060" 5001.42 189.26 35819.71 

0.020- under 
vaccum at 33 

degree C and .2 
hg pressure for 

2^ hours . 

5159.088 164.96 27212.05 

Table.4.6.2 Four-point bend fracture toughness values of PVC with different razor notch 

depths. 



t-test comparision for various razor notch depths 

ASTM vs. Four-point bend test 

POLYSTYRENE t - statistic t -critical Accept/Reject 

0.020* 5.47 2.074 Reject 

0.040* 8.001 2.074 Reject 

0.060" 7.387 2.074 Reject 

0.080" 6.248 2.074 Reject 

PVC t - statistic t -critical Accept/Reject 

No Notch 7.391 2.145 Reject 

0.020* 6.91 2.145 Reject 

0.040* 10.57 2.145 Reject 

0.060* 7.734 2.145 Reject 

Table.4.6.3 t-test comparison between ASTM and four point bend test values with 

different razor notch depths. 



t-test comparision for various razor notch depths 

POLYSTYRENE t - statistic t -critical Accept/Reject 

0.020* vs. 0.040' • -2.413 1.734 Accept 

0.020" vs. 0.060* -1.304 1.734 Accept 

0.020* vs. 0.080* -0.437 1.734 Accept 

0.040* vs. 0.060* 1.708 1.734 Accept 

• 0.040* vs. 0.080* 2.943 1.734 Reject 

0.060* vs. 0.080" 1.498 1.734 Accept 

PVC t - statistic t -critical Accept/Reject 

No Notch vs. 0.020" -0.151 1.734 Accept 

No Notch vs. 0.040* -0.609 1.734 Accept 

No Notch vs. 0.060* 0.248 1.734 Accept 

0.020" vs. 0.040* -0.419 1.734 Accept 

0.020" vs. 0.060* 0.369 1.734 Accept 

0.040* vs. 0.060* 1.1209 1.734 Accept 

Table.4.6.5 t-test comparison between four-point bend test values for different sample 

groups with various razor notch depths. 



Comparison of the fracture toughness mean values of different sample groups to the 

fracture toughness values obtained from the same material group is given in Table. 4.6.5. The 

null hypothesis was accepted for various razor notch depths for polystyrene and PVC. These 

reveal that the fracture toughness values obtained in various razor notch depths fall in same 

population. 

1. H0 : fij = (J-k 

Ha '• (J.j ^ (J-k 

Where : 

(ij = the mean of the 4-point bend specimen group with razor notch depths, 

where j = (0.020",0.040",0.060", no razor notch). 

|ik = the mean of the 4-point specimen group with various razor notch 

depths, where k = (no razor notch, 0.020", 0.040", 0.060", 0.080"). 

Polystyrene Analysis 

The t-statistic value of -2.41 for the sample group with razor notch depth of 0.040", 

-1.30 for sample group with razor notch depth 0.060", and -0.437 for sample group with 

razor notch depth 0.080" was found to be less than the t-critical value, 1.734 for the sample 

group with razor notch depth 0.020". Therefore null hypothesis was accepted. 

The t-statistic value 1.708 for the sample group with razor notch depth of 0.060", 

was found to be less than the t-critical value 1.734, for the sample group with razor notch 

depth 0.040", and therefore null hypothesis was accepted. 



Contrarily, the t-statistic value 2.943 for the sample group with razor notch depth of 

0.080", was found to be more than the t-critical value 1.734, for the sample group with razor 

notch depth 0.040", and therefore null hypothesis was rejected. This is due to the large 

variation in the razor notch depth. 

The t-statistic value 1.498 for the sample group with razor notch depth of 0.080", 

was found to be less than the t-critical value 1.734, for the sample group with razor notch 

depth 0.060", and therefore null hypothesis was accepted. 

PVC Analysis 

The t-statistic value -0.151 for the sample group with razor notch depth of 0.020", -

0.609 for sample group with razor notch depth 0.040", and 0.248 for sample group with razor 

notch depth 0.060" found to be less than the t-critical value, 1.734, for the sample group with 

no razor notch. Therefore null hypothesis was accepted. 

The t-statistic value -0.419 for the sample group with razor notch depth of 0.040", 

and 0.369 for sample group with razor notch depth 0.060", is less than the 

t-critical value, 1.734, for the sample group with razor notch depth 0.020", and therefore the 

null hypothesis was accepted. 

The t-statistic value 1.120 for the sample group with a razor notch depth of 0.060", 

was found to be less than the t-critical value, 1.734, for the sample group with razor notch 

depth 0.040", and therefore the null hypothesis was accepted. 

A PVC t-statistic value -0.149 for the sample group with razor notch .020" 

conditioned in lab air, was less than the t-critical value, 1.734, for the sample group with 



razor notch 0.020" conditioned in vacuum (Table. 4.6.6), and therefore the null hypothesis 

was accepted. 

4.7 Fracture Toughness Versus Environmental Conditioning 

All the four sample groups of polystyrene were subjected to a pre-conditioning 

temperature of 31° C for more than 48 hours. The specimen groups were subjected to 

temperature in order to evacuate the moisture present in the specimens before testing. 

HDPE specimens were divided into groups of razor notch depth of 0.020". Each of 

these HDPE sample groups was subjected to lab air for more than 2 months or oven pre-

conditioning at 31° C for more than 48 hours. The fracture toughness values obtained after 

oven conditioning were almost twice the values obtained when conditioned in lab air. This is 

due to the evacuation of moisture from the specimens as they are exposed to elevated 

temperature for more than 48 hours. The fracture toughness values for each sample group 

are given in Table. 4.7.1. 

Each of two nylon sample groups at 0.040" razor notch depth was divided 

according to their type of pre-conditioning. One of the groups was conditioned in lab air for 

more than 2 months and other was subjected to vacuum at of 33° C temperature and pressure 

of 0.20" of Hg for 24 hours. HDPE specimens were subjected a to vacuum at 33° C 

temperature and pressure of 0.20" of Hg for 24 hours at constant razor notch depth of 0.020" 

(Table. 4.7.2). One of the PVC groups was conditioned in vacuum at 33° C temperature and 

0.20 hg of pressure at a razor notch depth of 0.020" (Table. 4.6.2). 

The fracture toughness values obtained for nylon were not affected by the 

environmental conditioning, as there was little difference in the values obtained in both 



Four-point bend fracture toughness values 

Material: HOPE 
Depth of razor notch : 0.020" 

Conditioning 
Mean Fracture 

Toughness 
Standard 
Deviation 

Variance 

Lab air for 2 
months 

2117.1 238.87 57060.38 

temperature in 
oven at 31 

degree C for 48 
hours 

4671.38 487.81 237958.8 

Vaccum at 33 
degree C and .2 
pressure for 24 

hours 

3863.54 789.47 623268.2 

Table.4.7.1 Four-point bend fracture toughness values of HDPE with various pre-

environmental conditioning 



Four-point bend fracture toughness values 

Material: NYLON 
Depth of razor notch: 0.040" 

Conditioning 
Mean Fracture 

Toughness 
Standard 
Deviation 

Variance 

Lab air for 2 
months 

5931.03 748.96 560942.7 

Vaccum at 33 
degree C and .2 
pressure for 24 

hours 

5756.72 700.30 490425.9 

Table.4.7.2 Four-point bend fracture toughness values of nylon with various pre-

environmental conditioning. 



cases. The HDPE material was impacted by both temperature and vacuum. The fracture 

toughness values obtained after oven pre-conditioning were observed to be more than the 

values obtained in vacuum. This is perhaps due to the difference in exposure time indicated. 

It is more important in the process than having a vacuum. 

PVC showed negligible impact from the vacuum pre-conditioning as the fracture 

toughness values obtained were close to the values obtained after conditioning in lab air 

(Table. 4.6.2). Comparison of the fracture toughness values of different sample groups to the 

fracture toughness values obtained according to the ASTM standard is given in Table. 4.6.4. 

The research questions addressed are presented in terms of null (H0) and alternate (Ha) 

hypothesis. The null hypothesis was rejected for nylon, HDPE, and PVC. 

1. H0 : fi0
 = M-j 

Ha • }J-o ^ Mj 

Where : 

fi0 = the mean of the ASTM D5045-95 three point specimen group. 

Pj = the mean of the 4-point specimen group with varying depth of razor 

notch depths, where j = (lab air conditioning, oven conditioning, vacuum 

conditioning). 

For the comparison of samples groups, the t-critical value is taken from the standard 

tables according to the degree of freedom. 



t-test comparision for various environmental conditions 
ASTM vs. Four-point bend test 

NYLON t - statistic t -critical Accept/Reject 

Lab air for 2 
months 

2.2833 2.131 Reject 

Vaccum at 33 
degree C and .2 
pressure for 24 

hours 

2.1848 2.131 Reject 

HOPE t - statistic t -critical Accept/Reject 

Lab air for 2 
months 

2.9433 2.16 Reject 

temperature in 
oven at 31 

degree C for 48 
hours 

4.6285 2.16 Reject 

Vaccum at 33 
degree C and 2. 
pressure for 24 

hours 

2.2381 2.16 Reject 

PVC t - statistic t -critical Accept/Reject 

Vaccum at 33 
degree C and .2 
pressure for 24 
hours at 0.020* 

razor notch depth 

9.4518 2.145 Reject 

Table.4.6.4 t-test comparison between ASTM and four-point bend test values with various 

environmental conditioning. 



Nylon Analysis 

A t-statistic value 2.28 for sample group conditioned in lab air, and 2,18 for sample 

group conditioned in vacuum, was found to be more than the t-critical value, 2.131, and 

therefore the null hypothesis was rejected. 

HDPE Analysis 

A t-statistic value of 2.94 for sample the group conditioned in lab air, 4.62 for 

sample group conditioned in oven, and 2.23 for sample group conditioned in vacuum, was 

found to be more than the t-critical value, 2.16, and therefore the null hypothesis was 

rejected. 

PVC Analysis 

A t-statistic value of 9.45 for sample group conditioned in vacuum, was found to be 

more than the t-critical value, 2.145, and therefore null hypothesis was rejected. 

Comparison of the fracture toughness values of different sample groups to the 

fracture toughness values obtained with in the same material group is given in Table. 4.6.6. 

The research questions addressed are presented in terms of null (H0) and alternate (Ha) 

hypothesis. The null hypothesis is accepted for all different types of conditioning for nylon, 

HDPE, and PVC. These reveal that the fracture toughness values obtained in various 

environmental pre-conditionings fall in same group. 

1. H0 : (J.0 = Hi 

Ha : Ho * |i| 



t-test comparision for various environmental conditions 

NYLON t - statistic t -critical Accept/Reject 

Vaccum at 33 
Lab air for 2 degree C and .2 
months vs. pressure for 24 

hours 

0.818 1.734 Accept 

HDPE t - statistic t -critical Accept/Reject 

temperature in 
Lab air for 2 oven at 31 
months vs. degree C for 48 

hours 

-7.181 1.734 Accept 

Vaccum at 33 
Lab air for 2 degree C and .2 
months vs. pressure for 24 

hours 

-4.298 1.734 Accept 

temperature in Vaccum at 33 
oven at 31 degree C and .2 
degree C for 48 ™pressure~for24"~ 
hours vs. hours 

J.153 1.734. Accept 

PVC t - statistic t -critical Accept/Reject 

Vaccum at 33 

degree C and .2 
0.020"razor . _. 
. , , pressure for 24 

notch depth vs. 
hours at 0.020" 

razor notch depth 

-0.149 1.734 Accept 

Table.4.6.6 t-test comparison between four-point bend test values for various sample 

groups with different types of environmental conditioning. 



where : 

(j.0 = the mean of the 4 point bend specimen group. 

(ii = the mean of the 4-point specimen group with various conditioning, where 

1 = (lab air conditioning, oven conditioning, vacuum conditioning). 

For the comparison of samples groups, the t-critical value is taken from the standard 

tables according to the degree of freedom. 

Nylon Analysis 

A t-statistic value 0.818 for a sample group conditioned in lab air, was found to be 

less than the t-critical value, 1.734, for the sample group conditioned in vacuum, and 

therefore the null hypothesis was accepted. 

HDPE Analysis 

A t-statistic value -7.18 for sample group conditioned in lab air was less than the t-

critical value, 1.734, for the sample group conditioned in oven. Therefore the null hypothesis 

was accepted. A t-statistic value —4.29 for sample group conditioned in lab air was less than 

the t-critical value, 1.734, for the sample group conditioned in vacuum. Therefore the null 

hypothesis was accepted. A t-statistic value 1.15 for sample group conditioned in oven was 

less than the t-critical value, 1.734, for the sample group conditioned in vacuum. Therefore 

the null hypothesis was accepted. 



As fracture toughness values obtained were higher than the values obtained in the 

ASTM test, three sets of PVC sample groups were again tested in order to determine the 

cause. Each of the sample groups was tested with no razor notch depth, 0.040" razor notch 

depth and other was tested using hand held tool developed by Marnock (1997). Comparison 

of the fracture toughness values of different sample groups to the fracture toughness values 

obtained according to the ASTM standard is given in Table. 4.7.3. 

The t-statistic values, 9.788 for sample group with no razor notch, and 10.76 for 

sample group with 0.040" razor notch was more than the t-critical value, 2.145, for the 

ASTM sample group. Therefore the null hypothesis was rejected. This concludes that these 

two groups are different from ASTM sample group (Table. 4.7.3). A t-statistic value, 2.106, 

for sample group tested using the hand held fracture toughness tool was less than the t-

critical value, 2.145, for the ASTM sample group. Therefor the null hypothesis was accepted 

(Table. 4.7.3). 

A t-statistic value of 1.409 for sample group with no razor notch tested again using 

four-point bend test was less than the t-critical value, 1.761, for the sample group previously 

tested using a four-point bend test. Therefore the null hypothesis was accepted (Table. 

4.7.4). A t-statistic value of 1.714 for sample group with 0.040" razor notch tested again 

using four-point bend test was less than the t-critical value, 1.734, for the sample group 

previously tested using a four-point bend test. Therefore the null hypothesis was accepted 

(Table. 4.7.4). A t-statistic value 6.755 for sample group with 0.040" razor notch tested 

using hand held fracture toughness tool test was more than the t-critical value 1.782, for the 

sample group previously tested using a four-point bend test. Therefore the null hypothesis 

was rejected. This implies that these two groups are not same (Table. 4.7.4). 



t-test comparision for PVC specimens tested to confirm the result 

ASTM vs. Four-point bend test 

PVC t - statistic t -critical Accept/Reject 

No notch 9.788 2.145 Reject 

0.040" 10.76 2.145 Refect 

t-test comparision for PVC specimens tested to confirm the result 

ASTM vs. Hand Held tool 

PVC I - statistic t -critical Accept/Reject 

0.040" 2.106 2.145 Accept 

Table.4.7.3 t-test comparison between four-point bend test, hand held fracture toughness 

values and ASTM tests. 



t-test comparision for various razor notch depths 

Material: PVC 

No notch t - statistic t -critical Accept/Reject 

Previous vs. Latest 1.409 1.761 Accept 

0.040" Razor notch t - statistic t -critical Accept/Reject 

Previous vs. Latest 1.714 1.734 Accept 

Hand Tool (0.040" notch) t - statistic t -critical Accept/Reject 

0.040" vs. HHT 6.755 1.782 Reject 

Table.4.7.4 t-test comparison between four-point bend test values for various sample 

groups with two different batches and hand held fracture toughness values. 
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Fig.4.3 Fracture toughness versus razor notch depth. 
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Fig.4.4 Fracture toughness versus environmental conditioning. 



CHAPTER 5 

CONCLUSIONS 

The objective of this research was to determine the feasibility of using a fracture 

toughness tool developed by Stromswold and Quesnel (1992) for ceramics and metallic 

materials. The primary areas of concern were to determine the variability of fracture 

toughness values of polymeric materials under different pre-test environmental conditions 

and different razor notch depths. This establishes a standard method of pre-conditioning 

specimens to obtain valid fracture toughness values. The fracture toughness values obtained 

with chevron notched four point bend tests were compared to the value obtained from ASTM 

fracture toughness tests. Also the fracture toughness values for each material were divided 

into sample groups based on their type of the environmental pre-conditioning and the depth 

of the razor notch. The fracture toughness of these sample groups was compared with each 

other. 

The effects of razor notch depth and the type of environmental pre-conditioning 

were studied in order to determine their influence on fracture toughness values. Of course, 

the type of polymeric material has a major impact on the fracture toughness value. Though 

environmental pre-conditioning had an impact on some of the materials tested, the razor 

notch depth had a little effect on the fracture toughness. Perhaps due to notch healing that 

occurred due to delays between notch placement and testing. 
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Conclusions derived from this research are: 

1. Nylon, polystyrene, HDPE, and PVC were shown to provide different 

Kic values dependent on the type of test method used. 

2. There is no effect of humidity and temperature on nylon as there is little 

variation in the fracture toughness values obtained in lab air and vacuum. 

3. The depth of razor notch for polystyrene and PVC specimens had a negligible 

effect on the fracture toughness values obtained. 

4. The healing effect occurred due to the time delay between the placement of 

razor notch and the testing. Therefore fracture toughness values showed little 

variation with depth of razor notch. 

5. Fracture toughness values obtained for nylon, polystyrene, and PVC in the 4-

point bend test were twice the values obtained in ASTM test. 

6. HDPE fracture toughness values obtained in various environments with the 4-

point bend test were higher than the values obtained in ASTM tests. 

7. The more brittle materials are expected to provide accurate and valid KIc 

values with this type of test. 

8. There appears to be a critical razor notch depth beyond which any further 

changes do not make significance difference in fracture toughness value. 



CHAPTER 6 

RECOMMENDATIONS 

In order to establish valid test procedures for testing fracture toughness of 

polymeric materials the following recommendations are proposed. 

1. Various other types of thermoplastic and thermosetting materials should be 

tested and eventually research should be extended to composite materials. 

2. Materials must be prepared using in house compression molding to have more 

control on the structure and additives used in the material, as these factors 

might influence the properties of material tested. 

3. More controlled conditions must be provided for pre-conditioning. 

4. The temperature and humidity in the room where tests are done must be 

controlled. 

5. All the equipment used for testing should be strictly calibrated before 

performing the test. 

6. The research should be extended to determine the effect of temperature, 

humidity and vacuum on other types of polymeric materials. 

7. The effect of razor notch depth should be studied for various other types of 

polymeric materials. 

8. The effect of healing during the delay time between the placement of razor 

notch and testing must be studied systematically for different types of 

polymers. 



9. As pre-conditioning is important for some of the polymers, other polymeric 

materials must be studied. 

10. As state of stress appears to be similar in both four-point bend test and the 

hand held fracture toughness test, the chevron notched four-point bend test 

must be studied in order to determine the causes for inconsistency in 

duplicating fracture toughness values tested with hand held tool. 

11. Further study must be done to find the validity of the results obtained in this 

research. 



APPENDIX 
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Three-point bend test results 

Material Description :POLYSTYRENE 
Conditioning : Lab air for more than 2 months 

Width (b) Depth (W) Length (i) | Crack size (a) i Peak Load (p) x = a/W f(x) Kq Validity 

1 0.5 1 3.497 | 0.504 77.7 0.504 4.639 721.03 0.083 

2 0.5 1 3.497 0.502 86.2 0.502 4.646 801.00 0.103 

3 0.5 1 3.497 0.502 85.4 0.502 4.647 793.77 0.101 

4 0.5 1 3.497 0.502 82.7 0.502 4.647 768.77 0.095 

5 0.5 1 3.497 0.502 83.0 0.502 4.647 771.53 0.095 

6 0.5 1 3.497 0.502 85.9 0.502 4.647 798.49 0.102 

7 0.5 1 3.497 0.503 82.8 0.503 4.643 769.02 0.095 

8 0.5 1 3.497 0.502 84.1 0.502 4.647 781.76 0.098 

9 0.5 1 3.497 0.503 85.6 0.503 4.645 795.36 0.101 

10 0.5 1 | 3.497 0.502 84.3 0.502 4.647 783.61 0.098 

11 0.5 1 3.497 0,502 86.7 0.502 4.647 805.92 0.104 

12 0.5 1 3.497 0.502 85.1 0.502 4.646 790.85 0.101 

13 0.5 1 3.497 0.502 87.0 0.502 4.647 808.71 0.105 
14 0.5 1 3.497 0.502 88.0 0.502 4.647 818.01 0.107 

Mean 786.27 0.099 
St.dev 24.06 

Variance 579.08 

Table. A. 1 ASTM Test results of polystyrene. 



Three-point bend test results 

Material Description :HDPE 
Conditioning : Lab air for more than 2 months 

Width (b) Depth (W) Length (i) Crack size (a) Peak Load (p) x = a/W f(x) Kq Validity 

1 0.5 1 3.497 0.502 105.1 0.502 4.647 976.97 0.116 

2 0.5 1 3.497 0.502 100.0 0.502 4.647 929.56 ; 0.105 

3 0.5 1 3.497 0.502 98.9 0.502 4.646 919.10 0.103 

4 0.5 1 3.497 0.502 98.9 0.502 4.647 919.33 0.103 

5 0.5 1 3.497 0.502 113.3 0.502 4.647 1053.19 0.135 

Mean 959.63 0.113 

St.dev 57.50 

Variance 3306.21 

Table. A.2 ASTM Test results of HDPE. 



Three-point bend test results 

Material Description: PVC 
Conditioning : Lab air for more than 2 months 

Width (b) Depth (W) Length (I) Crack size (a) Peak Load (p) x = a/W f(x) Kq Validity 

1 0.5 1 3.497 0.502 296.7 0.502 4.647 2758 0.225 

2 0.5 1 3.497 0.502 290.0 0.502 4.647 2695.72 0.215 

3 0.5 1 3.497 0.502 299.0 0.502 4.647 2779.38 0.229 

4 0.5 1 3.497 0.503 297.8 0.503 4.643 2765.88 0.226 

5 0.5 1 3.497 0.502 288.6 0.502 4.647 2682.71 0.213 

6 0.5 1 3.497 0.503 290.3 0.503 4.645 2697.37 0.215 

Mean 2729.84 0.221 

St.dev 42.39 

Variance 1797.16 

Table. A.3 ASTM Test results of PVC. 



Four-point bend test results 

Material Description: NYLON 
Conditioning : Lab air for more than 2 months 
Depth of razor notch : 0.040* 

Width Length Peak Load Moment(m) K1c 

1 0.5 2.72 247.7 84.28 6193.31 

2 0.5 j 2.72 247.5 84.15 6188.31 

3 0.5 2.72 209.4 71.19 5235.69 

4 0.5 2.72 273.7 93.05 6843.40 

5 0.5 2.72 230.6 78.40 5765.76 

6 0.5 2.72 218.2 74.18 5455.71 

7 0.5 2.72 255.2 86.76 6380.84 

8 .0.5 2.72 247.2 84.04 6180.81 

9 0.5 2.72 267.0 90.78 6675.88 

10 0.5 2.72 175.6 59.70 4390.57 

Mean 237.2 80.65 5931.03 

St.dev 10.03 748.96 

Variance 560942.70 

t-critical at a(pha=0.05 2.131 

t-statistic . 2.283 

critical value 2386.18 

Table. A.4 Four-point test results of nylon conditioned in lab air at 0.040" notch depth. 



Four-point bend test results 

Material Description: NYLON 
Conditioning : • Vaccum at 31 degree C at .02hg pressure 
Depth of razor notch : 0.040" 

Width Length Peak Load Moment(m) K1C 

1 0.5 2.72 247.7 84.11 6185.81 

2 0.5 2.72 216.2 73.50 5405.71 

3 0.5 2.72 244.8 83.23 6120.80 

4 0.5 j 2.72 280.2 95.26 7005.92 

5 0.5 2.72 188.4 64.05 4710.62 

6 0.5 2.72 232.9 79.18 5823.26 

7 0.5 2.72 238.2 80.98 5955.78 

8 0.5 2.72 203.2 69.08 5080.67 

9 0.5 2.72 219.0 74.46 5475.72 

10 0.5 2.72 197.2 67.04 4930^65 

Mean 226.8 77.09 5756.72 

St.dev 27.6 9.37 700.30 

Variance 490425.93 
t-critical at alpha=0.05 2.131 

t-statistic 2.184 

critical value 2234.71 

Table. A. 5 Four-point test results of nylon conditioned in vacuum at 0.040" notch depth. 



Four-point bend test results 

Material Description : POLYSTYRENE 

Conditioning : Oven temperature at 33 degree C for 48 hours 
Depth of razor notch : 0.020" 

Width Length Peak Loac I Moment(m; K1c 
1 0.5 2.72 64.2 21.82 1629.90 
2 0.5 2.72 64.0 21.76 1624.83 
3 0.5 2.72 71.6 •24.34 1817.77 
4 0.5 2.72 64.2 21.82 1629.90 
5 0.5 2.72 64.7 21.99 1642.60 
6 0.5 2.72 70.3 23.90 1784.77 
7 0.5 2.72 64.1 21.79 1627.36 
8 0.5 2.72 64.2 21.82 1629.90 
9 0.5 2.72 61.5 20.91 1561.36 
10 0.5 2.72 66.7 22.67 1693.37 

Mean 65.6 22.28 1664.18 
St.dev 3.1 1.06 79.19 

Variance 6272.53 
t-criticaf at alpha=0.05 2.074 

t-statistic 5.470 
critical value 332.81 

Table. A.6 Four-point test results of polystyrene conditioned in oven at 0 020" notch 
depth. 



Four-point bend test results 

Material Description : POLYSTYRENE 

Conditioning : Oven temperature at 33 degree C for 48 hours 
Depth of razor notch : 0.040" 

Width Length Peak Load Moment(m) K1c 

1 0.5 2.72 74.9 25.46 1901.55 

2 0.5 2.72 71.6 24.34 1817.77 
3 0.5 2.72 76.0 25.84 1929.48 
4 0.5 2.72 74.2 25.22 1883.78 
5 0.5 2.72 75.9 25.8 1926.94 
6 0.5 2.72 77.8 26.45 1975.18 
7 0.5 2.72 77.2 26.24 1959.95 

8 0.5 2.72 77.8 26.45 .1975.18 
9 0.5 2.72 74.4 25.29 1888.86 
10 0.5 2.72 77.9 26.48 1977.72 

Mean 75.8 25.76 1923.64 
St.dev 2.0 0.692 51.74 

Variance 2677.09 
t-criticai at alpha=0.05 2.074 

t-statistic 8.001 
critical value 294.79 

Table. A.7 Four-point test results of polystyrene conditioned in oven at 0.040" notch 
depth. 



Four-point bend test results 

Material Description: POLYSTYRENE 

Conditioning: Oven temperature at 33 degree C for 48 hours 
Depth of razor notch : 0.060" 

Width Length Peak Load Moment(m) K1c 
1 0.5 2.72 72.0 24.48 1827.93 
2 0.5 2.72 72.1 24.51 1830.47 
3 0.5 2.72 71.0 24.14 1802.54 
4 0.5 2.72 70.7 24.03 1794.92 
5 0.5 2.72 66.8 22.71 1695.91 
6 0.5 2.72 73.0 24.82 1853.32 
7 0.5 2.72 71.4 24.27 1812.70 
8 0.5 2.72 70.1 23.83 1779.69 
9 0.5 2.72 72.0 24.48 1827.93 
10 0.5 2.72 71.0 24.14 1802.54 

Mean 71.0 24.14 1802.79 
St.dev . . . . . . — 1.7 0.57 43.07 

Variance 1855.51 
t-criticaf at alpha=0.05 2.074 

t-statisiic 7.387 
critical value 285.39 

Table. A.8 Four-point test results of polystyrene conditioned in oven at 0.060" notch 
depth. 
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Four-point bend test results 

Material Description: POLYSTYRENE 

Conditioning : Oven temperature at 33 degree C for 48 hours 
Depth of razor notch : 0.080" 

\ 

\ 

Width Length Peak Load Moment(m) K1C 

1 0.5 2.72 69.0 23.46 1751.76 

2 0.5 2.72 68.1 23.15 1728.92 

3 0.5 2.72 68.8 23.39 1746.69 

4 0.5 2.72 70.8 24.07 1797.46 

5 0.5 2.72 67.5 22.95 1713.68 

6 0.5 2.72 64.8 22.03 1645.14 

7 0.5 2.72 66.2 22.50 1680.68 

8 0.5 2.72 65.6 22.30 1665.45 

9 0.5 2.72 70.1 23.83 1779.69 

10 0.5 2.72 63.2 21.48 1604.51 

Mean 67.4 22.91 1711.40 

SLdev 2.4 0.82 61.57 

Variance 3792.02 
t-critical at alpha=0.05 2.074 

t-sta(istic 6.248 

critical value 307.09 

Table. A.9 Four-point test results of polystyrene cc 
depth. 

nditioned in oven at 0.080" notch 



Four-point bend test results 

Material Description: HDPE 
Conditioning : Lab air for more than 2 months 
Depth of razor notch : 0.020" 

Width Length Peak Load Moment(m) K1c 

1 0.5 2.72 83.6 28.42 2122.43 
2 0.5 2.72 83.9 28.52 2130.05 
3 0.5 2.72 67.5 22.95 1713.68 

4 0.5 2.72 74.4 25.29 1888.86 
5 . 0.5 2.72 82.1 27.91 2084.35 
6 0.5 2.72 81.6 27.74 2071.65 
7 0.5 2.72 82.1 27.91 2084^35 
8 0.5 2.72 82.9 28.18 2104.66 
9 0.5 2.72 102.1 34.71 2592.11 
10 0.5 2.72 93.7 31.85 2378.85 

Mean 83.4 28.35 2117.10 

St.dev 9.4 3.19 238.87 
Variance 57060.38 

t-critical at alpha=0,05 . 2.160 

t-statistlc 2.943 

critical value 849.42 

Table. A. 10. Four-point test results of HDPE conditioned in lab air at 0.020" notch depth. 
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Four-point bend test results 

Material Description: HDPE 
Conditioning : Oven temperature at 33 degree C for 48 hours 
Depth of razor notch : 0.020" 

Width Length Peak Load Moment(m) K1C 

1 0.5 2.72 172.0 58.48 4366 .72 

2 0.5 2.72 168.5 57.29 4277 .87 

3 0.5 2.72 174.4 59.29 4427 .66 

4 0.5 2.72 228 .0 77.52 5788 .45 

5 " 0.5 2.72 182.6 62.08 4635 .84 

6 0.5 2.72 179.9 61.16 4567 .29 

7 0.5 2.72 174.4 59.29 4427 .66 

8 0.5 2.72 205.5 69.87 5217 .22 

9 0.5 2.72 166.2 56.50 4219 .47 

10 0.5 2.72 188.5 64.09 4785 .63 

Mean 184.0 62.56 4671 .38 

St.dev 19.2 6.53 487.81 

Variance 237958 .75 

t-critical at alpha=0.05 2 .160 

t-statistic 4 .628 

critical value 1732.14 

Table. A. 11. Four-point test results of HDPE conditioned in oven at 0.020" notch depth. 



Four-point bend test results 

Material Description: HDPE 
Conditioning : Vaccum at temperature 31 degree C and 0.20 hg pressure 
Depth of razor notch : 0.020" 

Width Length Peak Load Moment(m) K1c 

1 0.5 2.72 156.4 53.17 3970.97 

2 0.5 | 2.72 140.2 47.66 3559.39 

3 0.5 2.72 144.6 49.16 3671.09 

4 0.5 2.72 129.2 43.92 3280.12 

5 0.5 2.72 211.9 72.04 5379.70 

6 0.5 2.72 189.2 64.32 4803.40 

7 0.5 2.72 100.2 34.06 2543.87 

8 0.5 2.72 148.1 50.35 3759.95 

9 0.5 2.72 163.2 55.48 4143.31 

10 0.5 2.72 138.8 47.19 3523.84 

Mean 152.2 51.74 3863.54 

SLdev 31.1 10.57 789.47 

Variance 623268.19 

t-critical at alpha=0.05 2.160 

t-statistic 2.238 

critical value 2802.52 

Table. A. 12. Four-point test results of HDPE conditioned in vacuum at 0.020" notch depth. 



Four-point bend test results 

Material Description: PVC 
Conditioning : Lab air for 7 days 
Depth of razor notch: No Notch 

| Width Length Peak Load Moment(m) K1C 

1. 0.5 2.72 194.3 66.06 4858.14 

2 | 0.5 2.72 206.1 70.07 5153.17 

3 0.5 2.72 218.1 74.15 5453.21 

4 0.5 2.72 207.1 70.41 5178.18 

5 0.5 2.72 196.3 66.74 4908.14 

6 0.5 2.72 202.1 68.71 5053.16 

7 0.5 | 2.72 201.1 68.37 5028.16 

8 0.5 2.72 208.1 70 .75 5203.18 

9 0.5 2.72 205.7 69.93 5143.17 

10 0.5 2.72 189.3 64.36 4733.12 

Mean 202.8 68.95 5071.16 

St.dev 8.2 2.77 204.16 

Variance 41684.32 

t-critical at alp{ia=0.05 2.145 

t-statistic 7.391 

critical value 679.41 

Table. A. 13. Four-point test results of PVC conditioned in lab air at no notch depth. 



Four-point bend test results 

Material Description: PVC 
Conditioning : Lab air for 7 days 
Depth of ra2or notch : 0,020" 

Width Length Peak Load Moment(m) | K1C 
1 0.5 2.72 202.1 68.71 J 5053 .16 

2 0.5 2 .72 216 .6 73 .64 5415.71 

3 0.5 2.72 194.3 66.06 . 4858 .14 

4 0.5 2.72 203.1 69.05 5078.16 

5 0.5 2.72 201.6 68.54 5040.66 

6 0.5 2.72 218.4 74.25 5460.72 

7 0.5 2.72 214 .4 72 .89 5360.70 

8 0.5 2.72 202 .5 68.85 5063.16 

9 0.5 2.72 193.8 65 .89 4845.63 

10 0.5 2.72 198.5 67.49 4963.15 

Mean 204.5 69 .54 5113.92 

St.dev 8.9 3 .02 222.43 

Variance 49477.00 

t-critical at alpha=0.05 2.145 

t-statistic 6.910 

critical value 740.03 

Table. A. 14. Four-point test results of PVC conditioned in lab air at 0.020" notch depth. 



Four-point bend test results 

Material Description: PVC 
Conditioning : Lab air for 7 days 
Depth of razor notch: 0.040* 

Width Length Peak Load Moment(m) K1c 

1 0.5 2.72 200.1 68.03 5080.13 
2 0.5 2.72 200.4 68.13 5087.74 
3 0.5 2.72 201.7 68.57 5120.75 
4 0.5 2.72 215.5 73.27 •5471.10 
5 0.5 2.72. 205.9 70.00 5227.38 
6 0.5 2.72 203.3 69.12 5161.37 
7 0.5 2.72 209.0 71.06 5306.08 
8 0.5 2.72 215.8 73.37 5478.72 
9 0.5 2.72 210.8 71.67 5351.78 
10 0.5 2.72 201.8 68.61 5123.29 

Mean 206.4 70.18 5240.83 
St.dev 6.0 2.04 152.81 

Variance 23352.78 
t-critical at a!pha=0.05 2.145 

t-statistic 10.579 
critical value 509.09 

Table. A. 15. Four-point test results of PVC conditioned in lab air at 0.040" notch depth. 



Four-point bend test results 

Material Description: PVC 
Conditioning : Lab air for 7 days 
Depth of razor notch : 0.060" 

Width Length Peak Load Moment(m) K1c 

1 0.5 2.72 199.7 67.89 5069.97 

2 0.5 2.72 202.8 68.95 5148.67 
3 0.5 2.72 • 187.6 63.78 4762.78 
4 0.5 2.72 193.2 65.68 4904.95 
5 0.5 2.72 198.5 67.49 5039.51 
6 0.5 2.72 198.1 67.35 5029.35 
7 0.5 2.72 207.0 70.38 5255.30 
8 0.5 2.72 202.7 68.91 5146.14 
9 0.5 2.72 198.2 67.38 5031.89 
10 0.5 2.72 182.2 61.94 4625.68 

Mean 197.0 66.98 5001.42 
St.dev 7.5 2.53 189.26 

Variance 35819.71 
t-critical at alpha=0.05 2.145 

t-statistic 7.734 
critical value 629.95 

Table. A. 16. Four-point test results of PVC conditioned in lab air at 0.060" notch depth. 



Four-point bend test results 

Material Description: PVC 
Conditioning: Vaccum at temperature 33 degree C at .2 hg pressure 
Depth of razor notch: 0.020" 

Width Length Peak Load Moment(m) K1c 
1 0.5 2.72 190.2 64.66 4828.79 
2 0.5 2.72 198.1 67.35 5029.35 
3 0.5 2.72 . 200.8 68.27 5097.90 
4 0.5 2.72 210.9 71.70 5354.32 
5 0.5 2.72 207.0 70.38 5255.30 
6 0.5 2.72 199.7 67.89 5069.97 
7 0.5 2.72 209.3 71.16 5313.70 
8 0.5 2.72 202.1 68.71 5130.90 
9 0.5 2.72 203.4 69.15 5163.91 
10 0.5 2.72 210.6 71.60 5346.70 

Mean 203.2 69.09 5159.08 
St.dev 6.5 2.20 164.96 

Variance 27212.05 
t-critlcal at alpha=0.0S 2.145 

t-stattistic 9.451 
critical value 549.35 

Table. A. 17. Four-point test results of PVC conditioned in vacuum at 0.020" notch depth. 



Four-point bend test results 

Material Description: PVC 
Conditioning: No pre-conditioning 
Depth of razor note : No notch 

I Width lenqth Peak Loadl Moment(m) | K1c 

1 0.5 2.72 190.2 64.66 4828.79 

2 0.5 2.72 186.3 67.35 4729.77 

3 0.5 2.72 177.2 68.27 4498.74 

4 0.5 2.72 174.5 71.70 4430.19 

5 0.5 2.72 183.8 70.38 4666.30 

6 0.5 2.72 180.0 67.89 4569.83 

Mean 61.88 4620.60 

St.dev 1.99 149.01 

Variance 22205.98 
t-critical at alpha=0.05 1.761 

t-stattistic 1.409 

critical value 

Table. A. 18. Four-point test results of PVC with no razor notch. 



Four-point bend test result using Hand held fracture toughness tool 

Material Description: PVC 
Conditioning: No pre-conditioning 
Depth of razor note: 0.040" 

Width Length Peak Load Moment(m) K1c 
1 0.5 2.72 3.4 40.80 3046.55 

2 0.5 2.72 3.7 44.40 3315.36 
3 0.5 2.72 4.1 49.02 3673.78 
4 0.5 2.72 3.7 44.40 3315.36 

Mean 61.88 3337.77 
St.dev 1.99 257.36 

Variance 66239.07 
t-critical at alpha=0.05 

t-stattistic 6.755 
critical value 

Table. A. 19. Four-point test results of PVC obtained using hand held fracture toughness 
testing tool. 
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Four-point bend test results 

Material Description: PVC 
Conditioning : No pre-conditioning 
Depth of razor note : 0.040" 

Width Lenqth Peak Load Moment(m) K1C 

1 0.5 2.72 176.3 59.94 4475.89 

2 0.5 2.72 187.4 63.71 4757.70 

3 0.5 2.72 194.1 65.99 4927.80 

Mean 185.9 63.21 4720.46 

St.dev 3.05 228.24 

Variance 12648.19 

t-critical at alpha=0.05 1.895 

t-stattistic 1.714 

critical value ' 

Table. A.20. Four-point test results o f PVC with 0.040" razor notch depth. 
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