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 The purpose of this study was to analyze the strengthening that occurs upon acid 

etching of soda- lime silica glass.  In particular, the hypothesis of crack tip blunting was 

analyzed and related to basic fracture mechanics equations.   

  Based on flexure testing and subsequent fractography measurements, it 

was determined that there was strengthening of the acid etched glass samples without a 

significant decrease in flaw size.  Measurements of the mirror size confirmed an equal 

mirror constant for all samples, and a linear decrease in mirror to flaw size ratio with an 

increase in strength for the non-uniformly strengthened etched samples.  In addition, the 

Inglis equation was used to estimate the crack tip radii of both the unetched and etched 

samples, and the blunting hypothesis was explained in terms of the critical stress intensity 

factor as well as the Griffith fracture energy.  Direct measurement of the radius of 
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curvature of the critical indentation flaws was performed where possible, and estimates of 

the crack tip radius due to blunting at the surface were obtained.    
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CHAPTER 1 
PURPOSE 

 
1.1 Research Rationale 

 
The strengthening of glass due to acid etching has been a topic of research in the 

ceramics community for nearly half a century, yet many questions still remain 

unanswered concerning the mechanism of this strengthening.  A spirited debate occurred 

in the literature during the 1970’s and early 1980’s concerning the possibility of blunting 

of the crack tip due to acid etching of glass, however the topic has been mainly absent 

from the literature for the last 15 years with no definitive answers to the fundamental 

topics at hand.  The main obstacle when conducting this research had been the difficulty 

in finding definitive visual evidence of the blunting.  This task is certainly more difficult 

than it seems, as evidenced by failure to do so in past research, as well as in the present 

study. Fractographic analysis offers an alternative method to study the differences 

between unetched and etched samples.  The features on the fracture surfaces can provide 

unique information to determine if the crack tip blunting hypothesis is a reasonable 

assumption.

1.2 Research Objectives 

The main objective of this study was to confirm that acid etching caused a 

strength increase in indented soda- lime silica glass flexure specimens, and to determine if 

the mechanism causing the strength increase was blunting of the crack tip.  A secondary 
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objective was to determine ways of accounting for the blunting mechanism in terms of 

fracture mechanics equations describing brittle fracture.   

1.2.1  Specific Aim 1 

 Specific aim 1 was to characterize the fracture surfaces of both the unetched and 

etched samples to determine if evidence exists for the crack tip blunting mechanism.  

Crack size and mirror size measurements were made on the fracture surfaces.  Also, 

measurements of the blunt crack tip radius were made on surface indentation cracks and 

critical cracks where possible.   

1.2.2  Specific Aim 2 

Specific aim 2 was to use measurements of fracture surface features along with 

fracture mechanics equations to propose different ways of accounting for blunted cracks 

in brittle fracture.  The different techniques used were the Inglis equation, the critical 

stress intensity parameter, and Griffith’s energy equation. 
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CHAPTER 2 

BACKGROUND 
 

2.1  Acid Etching of Glass 
 
2.1.1  Crack Tip Blunting   
 
During the 1960’s many researchers became interested in examining the strengthening 

due to acid etching of glass. Early work by Mould1 and Proctor2 first presented the idea of 

crack tip blunting as a possible explanation for the observed strengthening of soda- lime 

glass due to etching. Pavelchek et al. performed etching experiments in hydrofluoric acid 

and water on abraded rods of soda-lime silica glass.3-4  They also came to the conclusion 

that some sort of crack tip blunting was occurring, and they made use of the Inglis 

analysis5 to approximate the crack tip radius for both the sharp and blunted cracks; the 

radius was estimated to be about 2 nm for the unetched samples.  Ito and Tomozawa 

performed more mechanical testing on abraded soda- lime silica glass rods using water 

and Si(OH)4 as etchants.6  They proposed a dissolution and precipitation mechanism for 

the blunting of the crack tip, and estimated the radius of curvature of the blunted cracks at 

about 3 nm using Inglis as well.  In addition, Mecholsky et al. did further work on 

abraded soda- lime silica glass rods.7  Instead of only looking at strength, this research 

utilized crack size measurements and fracture energy estimates to explain the difference 

between the unetched and etched samples.  The idea that the strengthening could be 

attributed to the blunted flaw requiring an initial energy to produce a sharp crack was 
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proposed in this paper.  Also, the notion that there might be evidence of blunting on the 

fracture surface was suggested.  

 In opposition to the numerous advocates of the idea of crack tip blunting 

mentioned above, there were and are some drawbacks to the theory.  Fir st of all, this idea 

seemingly contradicts the concepts of linear elastic fracture mechanics for sharp crack 

tips.  Secondly, it is very difficult to directly observe a crack tip (rounded or not), so most 

of the evidence presented for crack tip blunting is indirect evidence.  Thirdly, there are 

other phenomena that could explain the strength increase of etching depending on 

experimental conditions, such as residual stress release and slow crack growth.  Lawn et 

al.8-9 performed indentation studies on soda- lime silica glass, and came to the conclusion 

that the indentation induced cracks extend during etching, and that this extension relaxes 

residual stresses associated with the indentation.  No matter which explanation is 

perceived as true, there still appears to be no definitive answer to this question.   

2.1.2  Principles of Etching 
 

The strength of materials that behave in a brittle manner is controlled by the flaws 

that are present in the material.  These flaws can either be inherent in the microstructure 

of the material, or can be introduced during processing, machining, or through a number 

of other actions.  The main point is that the strength of a material is inversely 

proportional to the square root of the size of the crack that initiates failure.  In the case of 

ceramic materials such as glass which are inherently brittle, decreasing the size and 

number of flaws present in a given amount of material becomes important.  Acid etching 

of glass has traditionally been used to decrease the size of surface flaws in glass 

materials, thus creating materials that fail at a higher stress.  The acid reacts with the SiO 2 
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in the glass and dissolves material from the surface.10  This idea is especially important in 

industrial and commercial applications where a part must meet minimum stress 

requirements.  

2.2  Fracture Mechanics Approaches to Failure  
 

2.2.1  Inglis Analysis 
 

The paper published in 1913 by C.E. Inglis5 entitled “Stresses in a Plate Due to 

the Presence of Cracks and Sharp Corners” laid the foundation for the theories of fracture 

mechanics for materials that fail in a brittle manner.   The significance of the Inglis 

Analysis was that it provided an exact solution for the stress around an arbitrarily shaped 

elliptical flaw in a plate of material. Inglis stated his intentions well in his paper: 

The methods of investigation employed for this problem are mathematical rather 
than experimental.  The main work of the paper lies in the determination of the 
stresses around a hole in a plate, the hole being elliptic in form.  The results are 
exact, and are consequently applicable to the extreme limits of form which an 
ellipse can assume.  If the axes of the ellipse are equal, a circular hole can be 
obtained; by making one axis very small the stresses due to the existence of a fine 
straight crack can be investigated. (p.219) 

 
The elliptical flaw mentioned above has a major axis of 2a, a minor axis of 2b, 

and a radius of curvature of ρ.  The flaw is contained in a large plate with an applied 

tensile stress, σ (Figure 2.1).   

   

Figure 2.1 Schematic of conditions for Inglis solution: Elliptical hole in a semi-
infinite plate 
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From these starting conditions Inglis solved for the stress intensity at point A, and 

obtained the following general result: 

     




 +=

b
a

A

2
1σσ     (2.1) 

 
He then assumed that if the ends of the flaw appeared to be elliptical, it was reasonable to 

approximate the shape of the cavity with that of an ellipse, and therefore the substitution 

b=(aρ)1/2 could be made.  Making this substitution into equation 2.1 yields: 

     





+=

ρ
σσ a

A 21     (2.2) 

 
The general equation (2.2) can be simplified as the ellipse becomes more slender and 

starts to approximate a sharp crack (Fig 2.2).  In this case 2b and ρ approach 0 as the 

ellipse becomes more slender and starts to resemble a sharp crack. 

 
Figure 2.2 Schematic of Inglis approach as ellipse becomes more slender and 
approximates a sharp crack 
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First equation 2.2 can be written in the following form to show the simplification: 
 

     





+=

ρ
σσ a

A 2
1

2     (2.3) 

 
Since (a/ρ) is much larger than ½, the ½ term is negligible and can be dropped out of the 

equation. The equation then simplifies to the following for a slender ellipse: 

 

     





=

ρ
σσ a

A 2     (2.4) 

 
The Inglis solution can be used to approximate the radius of curvature of a crack 

in a brittle material, and has been done in prior studies with varying success.3-7  The idea 

is that in the absence of plasticity, the minimum radius (ρ) at the crack tip may be close 

to atomic equilibrium spacing, so the stress at point A can be approximated with the 

theoretical strength of the material.  Using the theoretical strength of the material as σA, 

the radius of a crack tip can be estimated because the crack size, a, and the global failure 

stress,σ, can be measured.   

 
2.2.2  Griffith Energy Balance Approach 
 

A.A Griffith, a British scientist prominent in the early 1920’s, performed 

groundbreaking work in the area of crack propagation and fracture of brittle materials. 

His paper entitled “The Phenomena of Rupture and Flow in Solids” published in 1921 

formulated a way of describing brittle fracture using strain energy concepts.11 These ideas 

were predicated on the observations Griffith made regarding the actual strength of 

materials compared to the theoretical strength.  The prevailing idea at this time in regards 

to rupture of elastic materials was that an elastic solid ruptured when a maximum tensile 
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stress was reached.  A scratch in the material created a stress concentration that amplified 

the stress according to the shape of the scratch, but the maximum stress was independent 

of the size of the scratch.  Griffith disagreed with the afore mentioned idea, and proposed 

a new idea in his paper: 

If, as it is usually supposed, the materials concerned as substantially isotropic, 
there is but one hypothesis which is capable of reconciling all these apparently 
contradictory results. The theoretical deduction-that rupture of an isotropic elastic 
material always occurs at a certain maximum tension- is doubtless correct; but in 
ordinary tensile and other tests designed to secure uniform stress, the stress is 
actually far from uniform so that the average stress at rupture is much below the 
true strength of the material.  The general conclusion may be drawn that the 
weakness of isotropic solids, as ordinarily met with, is due to the presence of 
discontinuities, or  flaws, as they may be more correctly called, whose ruling 
dimensions are large compared with molecular distances.  The effective strength 
of technical materials might be decreased 10 or 20 times at least if these flaws 
could be eliminated. (p.180) 
 
Griffith performed experiments with elastic materials that showed that the 

resistance to rupture of a material was in fact related to the size of the flaws present in the 

material. He did these experiments by rupturing glass test tubes with internal pressure.  

Griffith derived the net change in the potential energy of a plate from introduction of a 

crack as well as the surface energy of the crack.  He then defined the condition for critical 

crack growth, and solved for the fracture stress.  The results of this derivation are shown 

below: 

a
'E2 s

π
γ

=σ       (2.5) 

 
Orowan12 extended Griffith's theory to include the plastic surface energy term for the 

fracture of ductile materials: 
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2/1
Ps

'

a
(E2












π
γ+γ

=σ        (2.6) 

 
2.2.3  Linear Elastic Fracture Mechanics Stress Analysis 
 

In addition to the energy approach to fracture discussed earlier, there was 

considerable work done on deriving closed form expressions for the stress field around a 

crack tip.  In particular, Westergaard,13 Sneddon,14 Williams,15 and Irwin16 were among 

the first people to publish such solutions. It is generally regarded that Irwin’s paper 

entitled “Analysis of Stresses and Strains Near the End of a Crack Traversing a Plate” 

was the basis for modern fracture mechanics theory.  In this paper Irwin showed that the 

local stresses near the crack tip are of the general form as follows:16 

    ....)(f +





= θσ ijij
r

K
    (2.7)  

In the above equation r and θ are cylindrical coordinates of a point with respect to the 

crack tip (see Fig 2.3), and K is the stress intensity factor. He further showed that the 

strain energy approach is equivalent to the stress intensity approach and that crack 

propagation occurs when a critical stress intensity, KC, is achieved.  

Linear elastic fracture mechanics (LEFM) is based on the application of the 

theory of elasticity to bodies containing cracks or defects. The assumptions used in 

elasticity are also inherent in the theory of LEFM: small displacements and general 

linearity between stresses and strains. The general form of the LEFM equations is given 

in Eq. 2.8. As seen, a singularity exists such that as r, the distance from the crack tip, 

tends toward zero, the stresses go to infinity. Since materials plastically deform as the 

yield stress is exceeded, a plastic zone will form near the crack tip. The basis of LEFM 
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remains valid, though, if this region of plasticity remains small in relation to the overall 

dimensions of the crack and cracked body.  

  

Figure 2.3 Location of local stresses near a crack tip in cylindrical coordinates  

There are generally three modes of loading, which involve different crack surface 

displacements (Figure 2.4). The three modes are:  

Mode 1:  opening or tensile mode (the crack faces are pulled apart)  
Mode 2:  sliding or in-plane shear (the crack surfaces slide over each other)  

Mode 3:  tearing or anti-plane shear (the crack surfaces move parallel to the 
leading edge of the crack and relative to each other)  

The following discussion deals with Mode 1 since this is the predominant loading mode 

in most engineering applications. Similar treatments can be performed for Modes 2 and 3.  

 
Figure 2.4 Three loading modes 
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The stress intensity factor, K, which was introduced in Eq. 1, defines the 

magnitude of the local stresses around the crack tip.  These local stresses can be related to 

the global stress and the geometry of the sample.  Many closed form solutions have been 

derived for K concerning simple geometric situations, and more complex situations have 

been determined experimentally and numerically.17-18  In general K depends on loading, 

crack size, crack shape, and geometric boundaries, with a general form given by: 

     




⋅=

w
a

faK πσ      (2.8) 

Equation 2.8 contains the following terms that are defined as follows: σ is the remote 

stress applied to component (not to be confused with the local stresses, σij, in Equation 

7), a is crack length, and f (a/w) is a correction factor that depends on specimen and crack 

geometry.  Stress intensity factors for a single loading mode can be added algebraically. 

Consequently, stress intensity factors for complex loading conditions of the same mode 

can be determined from the superposition of simpler results, such as those readily 

obtainable from handbooks.  Of particular relevance to this study is the closed form 

solution for a semi-elliptical surface crack.19 

      2/12.1
cK aIC σ

φ
π=       (2.9) 

Equation 2.9 contains the term φ which is an elliptical integral of the second kind and 

goes from 1 for a slit crack to 1.57 for a semi-circular crack.  Mecholsky et al. showed 

that a semi-elliptical crack could be approximated as an equivalent semi-circular crack 

for glass fractures.20  When inserting the equivalent semi-circular crack dimension, 

c=(ab)1/2, and the value of φ=1.57, the equation becomes: 
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           cYK IC σ=     (2.10) 

In equation 2.10, Y becomes 1.24 for a surface crack in a material with no residual stress.  

 
2.3  Fracture Toughness Measurements 

 
2.3.1  Fracture Surface Analysis 
 

Fracture surface analysis is an important tool that allows measurements to be 

taken at the fracture surface that can be related to the overall fracture behavior of the 

material. As a crack initiates and propagates through a material, characteristic markings 

are left on the fracture surface that are related to the stress and energy of fracture.  A 

schematic of a fracture surface is shown in figure 2.5.  

 

 
Figure 2.5 Schematic of a fracture surface of a material that failed in a brittle 
manner 

 
The features of the fracture surface are as follows: The fracture surface origin is where 

the fracture originated. The a and 2b values on the diagram represent the depth and width 

of the initial and critical flaw.  The mirror, mist, and hackle regions of the fracture 

surface represent the crack propagating at first in a comparatively smooth plane, and 
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eventually gaining enough energy to go in a different direction and branch. The 

boundaries labeled on the diagram as r1, r2, and rCB represent the mirror-mist, mist-

hackle, and crack branching boundaries.  These distances have been shown to be related 

to the global failure stress of the material with the following empirical relationship21, 

where Mj is the mirror constant and KBj is the stress intensity factor associated with the 

mirror/mist boundary: 

    jBjjf KMYr ==2/1σ       (2.11) 
 

The utility of fracture surface measurements is that the fracture toughness can be 

determined for a material from mechanical testing and subsequent crack size 

measurements.  Mechanical testing such as flexure or tensile testing provides the stress at 

which the sample failed, the crack size is measured with a microscope, and the fracture 

toughness can be solved for in an equation like 2.10 depending of the geometry and load 

application.  

2.3.2  Strength Indentation Technique  
 

The strength indentation technique is another method of estimating the fracture 

toughness of a material.  This method is based on Vickers micro indentation and the 

subsequent stress field that surrounds the indentation.  Using fracture mechanics analysis 

for cracks in tensile loading, a strength formula can be derived to estimate KC.  The 

advantage of this method is that it requires no fracture surface measurements.  Instead, 

the information necessary is the failure stress of the sample, the elastic modulus and 

hardness, and the indentation load.  The strength indentation equation developed by Lawn 

et al.22 is shown below, and has a calibration constant (ηv
R ) included that was determined 

experimentally for a range of ceramic materials.  
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( ) 4/33/1
8/1

P
H
E

K R
vc ση 





=       (2.12) 

 
The common method of performing this analysis is by indenting a sample at a 

given load, and then fracturing the sample with either 3 or 4 point bending.  A common 

experimental setup is shown below in Figure 2.6.  The sample fails from a crack 

introduced by the indent, the failure stress is measured during the mechanical test, and the 

fracture toughness of the material can be estimated using equation 2.12.  This value 

obtained with equation 2.12 can then be compared to the value obtained using equation 

2.10 with a Y-factor of 1.65 to account for the residual stress created by the indentation.   

 
Figure 2.6 Schematic of 4-point flexure test with side containing indentation as 
the tensile surface 
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CHAPTER 3 
MATERIALS AND METHODS 

 
3.1  Specimen Properties and Preparation 

 
3.1.1  Specimen Properties 
 

The test samples eventually chosen for this study were Corning #0215 soda- lime 

glass microscope slides with dimensions of 75mm × 25mm × 1 mm.*  The properties of 

the Corning glass slides are shown below (as received from Corning). 

Table 3.1 Physical and mechanical properties of Corning glass slides 
 
Common Names   Standards      
Soda Lime Glass-  Glass commonly referred to as  
Flint Glass  Type II Soda Lime Glass per  
   A.S.T.M E-438 federal spec  
   DD-G-541b   
       
       
Composition         (percent approx) Properties     

SiO2………………………...73% Coeff. Of Exp……….89 x 10-7 cm/cm/C 

Na2O………………………..14% Strain Point…………511 C  
CaO………………….…….…7% Anneal point………..545 C  
MgO…………………….……4% Soften Point………....724 C  

Al2O3…………………………2% Density………...……2.4 g/cm3  
   Youngs Mod……….70 GPa 
   Refract. Index………1.515 @ Sodium D Line 

                                                                 
* Preliminary testing was originally started with Fisher microscope slides, until it was 
discovered that Fisher purchases their slides from other manufacturers.  They receive the 
pre-made slides and package them, so there could be variability in the composition of the 
slides.  Corning was contacted, and it was determined that they produced all of their 
slides with soda- lime glass of the same composition 
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Glass slides were chosen for this research because they were of suitable 

composition and size for 4-point flexure testing, and they were readily available with no

machining or cutting necessary. The alternative of cutting and polishing samples would 

have been time consuming and could have introduced defects into the samples, which 

could have competed with the introduced indentation crack as the fracture origin.   

 
3.1.2  Microindentation 
 

Microindentation can be used to introduce controlled cracks in glass in order to 

perform mechanical testing. 

8,9  The appropriate indentation loads were determined 

through preliminary experiments. This indentation crack had to be large enough so that 

during the 4-point flexure testing the sample would fracture from the introduced crack; if 

the introduced crack was too large, then the resulting crack could interact with the bottom 

surface of the sample, producing a flattened crack as opposed to the desired semi-

elliptical crack geometry.  If this was the case, a correction factor would have to be 

introduced into the fracture mechanics equations, thus complicating the analysis. 

 A total of 8 samples were indented at various loads using a Buhler Micromet 3 

microhardness indenter with a Vickers diamond tip.  Two samples were indented each at 

loads of 100g, 500g, 1kg, and 2kg.  The indentations were first examined with an optical 

microscope to evaluate the indent, and then the samples were fractured in 4-point bending 

using an Instron testing machine.  The testing conditions used were a loading rate of 

0.5mm/min, a lower span length of 20mm, and an upper span length 6.3mm.  The 

fracture surfaces were then examined with the optical microscope to determine whether 

the sample failed from the crack introduced by the indent, and whether the crack had a 

fully rounded or flattened shape.  From examining the indents, it was determined that the 
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2 kg indent produced significant lateral cracking which meant that the load was too large 

for the specimen. Examining the fracture surfaces of the 2 specimens with 1 kg indent 

loads, it appeared that the crack was semi elliptical and was not interacting with the 

bottom surface of the specimen.  Unfortunately, after indenting and fracturing 60 samples 

with the 1 kg indent load, it was determined that there was in fact an interaction with the 

bottom surface of the samples.  This was confirmed by looking at the a/b ratio for these 

cracks.  The a/b ratio came out to be 0.7 for the samples with the 1 kg indent load, as 

opposed to the normal value of 0.8.   Another set of 60 samples then had to be prepared 

using the 500g indent load. The samples indented with the 500g load had cracks that were 

large enough to initiate failure, but were not so large as to have interaction with the 

bottom surface of the sample.  Figure 3.1 shows optical images of the 500g Vickers 

indentation of both an unetched and an etched sample.  Sharp radial cracks are apparent 

in the unetched sample, while it appears that the acid has blunted the radial surface cracks 

in the etched sample.   

 

      

 

 

 

 

 

  a) Unetched     b) Etched 

 Figure 3.1 Optical images of unetched and etched Vickers indentations  

50µµm 50µµm 
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The procedure for indentation was as follows.  The sample was removed from the 

packaging, and using a t-square the middle of the sample was marked with a fine sharpie 

marker. The sample was then placed in the microhardness indenter with the sharpie mark 

facing down, the surface was determined with the 20x magnification to the point where 

the mark was on the opposite side, and the 500g load was released with a dwell time of 

20 seconds.  The sample was then carefully placed in a ziploc bag and numbered.  Each 

sample was indented in this manner to await further preparation and flexure testing.  

3.1.3  Annealing 
 

Annealing is the process of removing residual stresses in glass by re-heating to a 

suitable temperature followed by controlled cooling.10  The purpose of annealing the 

samples after they were indented  was to remove the local residual stress around the crack 

created by the indent. Preliminary experiments were performed to determine which (if 

any) annealing schedule would be suitable.  The preliminary experiments were performed 

on samples that had been indented with a 1 kg load.  Using the annealing point of the 

glass provided by Corning (°C), the following annealing schedule was set up: 

 
25°C  - 390°C at 3°C per minute 
390°C - 495°C at 3°C per minute 
495°C - 545°C at 1°C per minute  
Hold at 545°C  for 15 minutes 
545°C - 25°C at 1°C per minute 
 
A Box furnace was used with the samples placed on ceramic boats crack side up. 2 

samples were annealed from 25°C following the above schedule, 2 samples were 

annealed starting from an elevated temperature of 390°C, and 2 samples were not 

annealed to see if the residual stress would resolve itself.  The 6 samples were then 
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fractured with the Instron in 4-point bending with the same test conditions as stated 

before.  The samples were analyzed with the optical microscope to determine crack sizes 

and corresponding fracture toughnesses.  From examining the strength data in table 2 it 

appeared that there was no difference in the strength between the room temperature 

anneal and the elevated temperature anneal.  The annealed samples did show higher 

strength than the unannealed samples, indicating that there was some residual 

compressive stress left in the unannealed samples.  From this data it was decided that all 

samples would be annealed from room temperature following the indent.  

Table 3.2 Preliminary 4-point flexure testing results to determine effect of annealing on 
strength 

Sample Annealing Condition 
Max Load 

(N) 
Max Stress 

(MPa) 
1 Room Temp Anneal 71.9 56.7 
2 Room Temp Anneal 67.9 53.5 
3 Elevated Temp Anneal 68.6 54.0 
4 Elevated Temp Anneal 67.4 53.1 
5 No Anneal 56.6 44.6 
6 No Anneal 53.7 42.3 

 
Unfortunately, no preliminary annealing experiments were done with etching 

included, so the adverse effect that annealing had on etching of the crack tip was not 

anticipated until after the first batch of 60 samples had been fractured. No strength 

increase was observed for the annealed etched samples, so it was determined that 

annealing somehow inhibited the acid from penetrating to the crack tip.  Therefore, in 

addition to changing the indent load from 1 kg to 500 grams, the second batch of samples 

did not include annealing in the preparation process.   
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3.1.4  Etching 
 

Acid etching of glass surfaces has traditionally been used as a surface treatment to 

remove or reduce flaws inherent in the glass.  The strengthening effect of acid etching has 

mainly been attributed to the decrease in flaw size, but in fact there may be other 

processes at work.  The acid etching of the indented glass samples in this study was 

designed to show that the increase in fracture strength and fracture toughness of the 

samples was due to rounding of the crack tip, with the ultimate goal of developing a 

quantitative relationship between crack tip blunting and fracture toughness. 

 The etching procedure in this study entailed submerging the sample in dilute 

hydrofluoric acid.  Preliminary experiments were performed to determine which 

concentration and submergence time was optimal.  6 samples were indented with a 1 kg 

load, etched at various concentrations and times, and fractured in 4-point bending.  The 

results are shown below in Table 3. 

Table 3.3 Preliminary 4-point flexure testing results to determine effect of acid etching on 
strength 

Sample Etching Procedure  
Max Load 

(N) 
Max Stress 

(MPa) 
1 5% HF for 1 minute 55.9 44.0 
2 5% HF for 15 minutes 80.5 63.4 
3 2.5% HF for 1 minute 55.0 43.4 
4 2.5% HF for 15 minutes 114 90.0 
5 1% HF for 1 minute No test No test 
6 1% HF for 15 minutes 62.6 49.3 

 
The results from this preliminary experiment showed that a 1 minute etch time was not 

enough to promote crack tip blunting. The 15 minute etch time did produce the desired 

strength increase, and the increase was most dramatic in the 2.5% HF solution. From this 

data it was decided that an etch solution of 2.5% HF with an etch time of 15 minutes 

would sufficient to show the effect of etching.  
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 The etching protocol was a fairly simple procedure.  Once the etching conditions 

were set at 2.5% HF for 15 minutes, a large batch of 2.5 % HF was mixed using 50% HF 

solution and distilled water.  All of the samples were subsequently etched from this one 

batch of dilute HF.  Standard polystyrene Petri dishes were used to house the etching 

procedure.  The Petri dish was filled with the HF, the sample was dropped in with the 

indented surface facing upwards, and the lid was placed on the Petri dish for the 15 

minute duration of the etch.  Once the 15 minutes was up, the sample was transferred to a 

Petri dish with distilled water and allowed to soak for 30 seconds, and then transferred to 

a similar Petri dish and allowed to soak for an additional 30 seconds. The sample was 

then removed from its bath and then rinsed thoroughly with distilled water from a squirt 

bottle over the sink.  In this way all the acid was removed and the samples were able to 

be handled.  This process was repeated for all etched samples.  The HF acid solution was 

changed after 5 samples had passed through, and the resulting strength data showed no 

correlation between strength and the number of times the acid had been used.  At this 

point the samples were now indented, annealed , and etched and were ready for 4-point 

bend testing.  

3.2  Mechanical Property Determination 
 

3.2.1  Flexure Strength 
 

The flexure strength for all samples was performed using an Instron model 5500R 

with a 5 kN load cell.  The testing configuration for all samples was a 4-point bend 

fixture with a 20 mm outer span and an inner span of  6.3 mm.  The loading rate for all 

samples tested was 0.5mm/min. A schematic of the 4-point bend arrangement is shown in 

figure 3.2 below.   
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Figure 3.2 Schematic of 4-point flexure apparatus used to do mechanical testing  
 

The fracture stress of the samples was calculated using beam theory and the 

familiar equation for the 4-point flexure testing with the loading span having one-third 

the length of the support span: 

     
2bh

PL
f =σ      (3.1) 

       
The samples were prepared for testing by first locating the indent (either by eye of with 

the optical microscope).  The location of the indent was marked on the edge of the 

sample with a sharpie, and two lines were drawn across the width of the sample, each 

located 10mm from the indent.  This allowed the sample to be placed easily in the 4-point 

bend fixture with the indentation facing down, and centered within the fixture.  Using this 
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technique all the samples (with a few exceptions) failed from the introduced crack from 

the indent.  For the samples that were etched, and therefore had a higher fracture stress, 

scotch tape was placed on the compressive side of each sample. This preservation 

technique kept the samples intact (for the most part).   

3.2.2  Fracture Toughness 
 

The fracture toughness of the samples was evaluated using two techniques, the 

fractography method and the strength indentation method. For the fractographic 

technique, the samples were analyzed using the light microscope with the filar eyepiece, 

and the critical crack size was measured for each sample.  In addition, the mirror-mist 

boundary size was measured.  These values for the critical crack sizes were then used to 

calculate the fracture toughness of the samples with: 

    cYK fC σ=      (3.2) 
 

In the above equation, c is an equivalent semicircular crack of the semi elliptical crack 

with a minor axis radius of a and major axis diameter of 2b, where c=(ab)1/2.  σ is the 

stress of the sample at failure, and Y is the geometric factor that depends on crack 

geometry and residual stress.  For annealed samples the geometric factor used was 1.24, 

while for the non-annealed samples that had local residual stress due to the indentation 

process, the geometric factor used was 1.65.  All of these terms were tabulated in a 

spreadsheet for each set of samples, and in this way the average fracture toughness values 

were calculated (where applicable).  In addition to the critical crack sizes, the mirror sizes 

were also measured and provided useful information.  From the mirror size and the 

failure strength of the sample the mirror constant was calculated using the fo llowing 

equation:21 
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    jBjjf KMYrY ==2/1σ     (3.3) 
 
In addition to the mirror constant, the mirror to flaw size ratio was calculated for all 

samples.  These two important pieces of data obtained from the mirror size were 

tabulated in a spreadsheet for both the unetched and etched samples.   

A second technique for calculating the fracture toughness of the samples was the 

strength indentation technique. Since the samples were indented before fracture with a 

specified load, it was very easy to apply the  strength indentation technique to determine 

the fracture toughness, and check to see if it was in agreement with the fractography 

method This technique uses no measurement of crack features, but instead uses a radial 

indentation flaw as the origin of fracture for a specimen in bending.  The necessary 

strength formulas can then be derived to calculate Kc based on the analysis of the 

indentation flaw in flexural failure:22  

( ) 4/33/1
8/1

P
H
E

K R
vc ση 





=      (3.4)  

           
The only terms needed in the above equation were E and H, since R

vη  is a calibration 

constant.  The elastic modulus used was the standard modulus for glass of 72 GPa, the 

hardness was taken from Vickers microhardness measurements taken from the glass 

slides, and was approximately 5GPa.  The other terms in the equation were known, and 

they were all tabulated into the same spreadsheet so a comparison of the fractography vs. 

strength indentation fracture toughness values could be made.    
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3.3  Characterization of Fracture Surfaces 
 

3.3.1  Light Microscopy 
 

The fracture surface analysis was done with an Olympus BHMJ stereomicroscope 

using an Olympus TGH light source.  The microscope included a 10x eyepiece and 5x, 

10x, 20x, and 50x objective lenses.  A calibrated filar eyepiece was used to take all 

measurements from the fracture surfaces of the samples.  In addition, an Olympus digital 

camera was used in conjunction with the microscope to enable digital capture of the 

images.   

Each fractured sample was mounted in putty so the fracture origin was facing 

upwards, and was examined with the microscope.  Each sample was first analyzed under 

low magnification (50x) to find the fracture origin, and then the magnification was 

increased (200x) to focus on the origin and make the measurement with the filar 

eyepiece.  The mirror-mist boundary measurements were taken in a similar fashion with 

the filar eyepiece, except the magnification used was usually 100x.  The samples that 

broke at a relatively low stress had a large mirror region, so it was necessary to move the 

field of view of the microscope while taking the measurement to obtain an accurate 

value.  In order to do this, a feature had to be picked on the sample to serve as a reference 

point for measurement.  In this manner, the size of the fracture origin and the size of the 

mirror-mist boundary were determined.   

3.3.2  Scanning Electron Microscopy 
 

Additional analysis of the fracture surfaces as well as analysis of the blunted 

indentation surface cracks was performed with a JEOL 6400 SEM.  The samples were 

prepared for the SEM by cleaning with ethanol, mounting on aluminum stubs with putty, 
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covering the putty with carbon paint, and sputter coating with Gold-Palladium.  Pictures 

were taken at various magnifications and angles of tilt to get an idea of how the fractures 

occurred at all perspectives.   
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CHAPTER 4 
RESULTS AND DISCUSSION 

 
 In the following sections, the majority of the data is presented in graphical format.  

First the strength and fracture toughness of the unetched and etched samples is presented.  

Next, the application of fracture mechanics to analyze the cracks at the origin of failure of 

the etched glass is discussed.  Finally, an analysis of the fracture surfaces along with 

observations of the crack tip radii at the surface and on the fracture surface (where 

possible) is presented.  The data for the individual specimens can be found in the 

appendix.   

4.1  Mechanical Properties 
 

4.1.1  Flexure Test Strength Results 
 
 The strength data for the unetched and etched samples is summarized in figure 

4.1.  Based on the 30 unetched samples, the average stress at failure was 52 ± 3 MPa. The 

etched samples had a much higher failure stress on average, and also showed a great deal 

of variability. The average stress observed based on the 30 etched samples was 190 ± 80 

MPa.  

These strength values clearly indicate that the etched samples in general had a 

greater fracture stress than the unetched samples.  It is also important to analyze the 

variability of strength in the etched samples.  Some etched samples failed at a stress very 

near to the baseline unetched samples (about 52 MPa), while some etched samples failed 

at over 300 MPa.  In assessing these strength results it is clear that the HF acid etching 
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acted as a strengthening agent in the glass samples.  Three alternative ideas to account for 

strengthening of etched glass should be mentioned.  The first idea is that the etching 

process dissolves away material at the surface, thus making the cracks smaller and 

increasing the fracture strength.  This idea will be addressed later when fractography is 

used to measure the size of the cracks.  The second idea is that the material could have a 

local tensile residual stress located at the indentation.  This tensile stress would then be 

relieved due to etching and the fracture strength would increase accordingly.  This idea 

could possibly explain a strength increase due to etching, but not the magnitude of 

strengthening observed in this study.  Previous studies have shown that the local residual 

tensile stress of an indentation has the effect of lowering the strength of the order of 10-

20 MPa, and can be relieved with annealing.8,9  Preliminary annealing studies presented 

in this study agree with previous studies. The relief of local residual stress might 

contribute to a small portion of the strengthening, but it is unlikely that it accounts for the 

magnitude and variability of strengthening observed here. Consider that relief of residual 

stress can account for at most a strengthening of 20 MPa, whereas increases of strength of 

over 200 MPa were observed here.    

 The third idea and the primary purpose of this research is to determine if the 

strengthening of glass due to acid etching is caused by rounding of the crack tip.  This 

hypothesis can explain the large variability in the strength data of the etched samples.  

Although the indentation load was the same for each specimen, there was variability due 

to local surface variability, contact variability, and a number of other factors inherent in 

the indentation process. Therefore, in this sense, each indentation is unique.  Since each 

sample had a unique indentation flaw introduced into it, it is reasonable to assume that 
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the etching process did not round the crack tips uniformly.  Thus, the strength increase 

due to etching should not be expected to be the same.   

The hypothesis is that samples that fractured at a lower stress had less rounding of 

the crack tip, while the samples that fractured at a higher stress had more crack tip 

rounding.  To support this hypothesis, the apparent fracture toughness, the apparent 

blunting energy, and the rounding of the radial surface cracks were examined. 
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Figure 4.1 Flexure test strength results for 30 unetched and 30 etched samples ordered 
from low to high 
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4.1.2 Fracture Toughness 
 
 The fracture toughness of all samples was determined using a quantitative 

fractographic method (FM) and the strength indentation method (SIM).  Figures 4.2 and 

4.3 summarize the fracture toughness of the etched and unetched samples respectively 

using the fractography method.  The average FM fracture toughness of the unetched 

samples was 0.75±.05 MPa m1/2, while the effective FM fracture toughness of the etched 

samples ranged from 0.8 to 3 MPa m1/2.  Note that this is called the effective fracture 

toughness because it is expected that the structure of the glass is not changing, but rather 

the crack is being affected.  Hence, the “true” toughness of the glass is not expected to 

change.  The average FM fracture toughness value for the unetched samples of 0.75   

Mpa m1/2 agrees very well with the fracture toughness of soda- lime silica glass reported 

in the literature.23-24  Figure 4.2 shows the fracture toughness is independent of the 

fracture strength of the samples.  This is the expected result because the fracture 

toughness of an isotropic brittle material should be constant.  On the other hand, figure 

4.3 shows that the effective fracture toughness of the etched samples depends strongly on 

failure stress. This graph suggests that the crack size has not changed, while the strength 

of the samples increased. 

 The strength indentation fracture toughness values agreed well with the 

fractography fracture toughness values for both etched and unetched samples.  The 

average strength indentation fracture toughness for the unetched samples was 0.75±.06 

Mpa m1/2, while the effective fracture toughness of the etched samples ranged from 0.9 to 

3 Mpa m1/2.  Table 4.1 summarizes the fracture toughness data from both techniques: 
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Figure 4.2 Fracture toughness of unetched samples using fractography method  

 

 
 Figure 4.3 Effective fracture toughness of etched samples using fractography method 
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Table 4.1 Comparison of Fracture Toughness Data  
 Fractography Strength Indentation 
Unetched KC = 0.75 ± .05 MPa*m1/2 KC = 0.75 ± .06 MPa*m1/2 
Etched Keff : 0.8 – 3 MPa* m1/2 Keff : 0.9 – 3 MPa* m1/2 
 
Figure 4.4 shows the agreement of the two methods for calculating fracture toughness of 

the etched samples.  The line drawn shows a 1:1 correlation, so the two methods are in 

good agreement.  

 

Figure 4.4 Agreement between fractography method and strength indentation method 
fracture toughness for etched samples 

 
The fracture toughness of the etched samples is referred to as Keff as opposed to 

KC since the formulas derived for KC were based on the stress distribution around a sharp 

crack13-16.  Since a blunted crack is the proposed idea for the strength increase, it would 

be incorrect to call the resulting fracture toughness KC.  It is not clear how the blunted 

crack should be handled in terms of fracture mechanics equations. It is clear that the 

etched samples still fail in a brittle manner from observing the fracture surface features 
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and looking at the load-displacement curves, so presumably the crack starts out blunted, 

and then becomes sharp before failure.   

There are a number of possible ways to account for crack tip blunting in the 

fracture mechanics equations.  The first way, as already described, is to use the fracture 

mechanics equations as they are, and call the resulting fracture toughness the effective 

fracture toughness.  Alternatively, the Y-factor which accounts for crack geometry and 

loading application could be adjusted to account for crack tip blunting. Finally, the 

blunted crack can be accounted for in the energy balance approach to fracture.  

4.2  Fracture Mechanics Approaches Applied to Blunt Crack 

4.2.1  Inglis Solution 
 
 One way to estimate the radius of curvature of the blunted cracks is to use the 

Inglis solution.  Solving the Inglis equation for the radius of curvature gives the following 

expression: 

     
2

24

Th

f a

σ

σ
ρ =     (4.1)  

 
The radius of curvature of both the unetched and etched samples was estimated in this 

way where óT h is taken to be the theoretical stress of the material, and óf is the failure 

stress of the sample. Using the Inglis equation the radius of curvature of the unetched 

samples was calculated to be 3.2 ± .3 nm, while the radius of curvature of the cracks of 

the etched samples ranged from 3.4 nm to 60 nm.  Figure 4.5 shows how the failure stress 

of the samples increases with increasing radius of curvature. This relationship followed a 

linear trend and makes sense in terms of the proposed blunting mechanism, since 

equation 4.1 predicts that the failure stress of the sample is proportional to the square root 

of the radius of curvature.  The estimated radius of curvature calculated for the etched 
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samples was greater than that for the unetched samples, which is what was expected in 

terms of the blunting mechanism.   

When considering the magnitudes of the crack tip radii calculated from the Inglis 

equation, the estimates seem fairly reasonable.  The unetched samples contained cracks 

that were presumably atomically sharp, and performing a rough estimate that each atom  

and interatomic bond is approximately 0.3 nm, the 3.2 nm crack tip radius calculated for 

the unetched samples corresponds to about 5 atoms at the crack tip.  This estimate is 

similar to the 2 nm crack tip radius calculated by Pavelchek and Doremus.3  However, 

they did not calculate a large increase in the radius of curvature of their etched samples, 

and attributed this to the etchants not being able to penetrate to the crack tip.  This is not 

the case in the present study, as the estimated radii of curvature for the etched samples 

became quite large compared to the unetched samples.  We must keep in mind that the 

Inglis equation was developed for an elliptical hole in an infinite plate of material, so this 

calculation can only provide a rough estimate for the crack tip curvature in this situation. 

Since the equivalent semicircular crack size was used when calculating the Inglis 

estimates, it might be appropriate to introduce a correction factor to account for this 

difference.  This correction factor would appear as (a)1/2=(φe/φs)(c)1/2, where φe and φs are 

elliptical integrals of the second kind for the elliptical crack and circular crack, 

respectively.  Applying this correction factor to the unetched samples that had an average 

a/b ratio of 0.6 ± 0.1 (which is a measure of the ellipticity of the crack), the resulting  

(φe/φs) ratio would be 1.39/1.57, or approximately 0.9.  Applying this correction factor to 

the unetched samples, we see that the crack tip radius is reduced by the factor of 0.9, 

resulting in a crack tip radius of 2.9 ± .3 nm. The radius of curvature for the etched 
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samples would change in the same manner according to the correction factor associated 

with the etched flaws.  This correction factor makes sense in terms of making the radius 

of curvature of the unetched flaw smaller, and thus more reasonable in terms of atomic 

dimensions.  Actual measurements of the sharp and blunted crack tips are needed to 

compare to these approximations.  This topic will be addressed later.   

Figure 4.5 Estimation of crack tip radius of etched samples using Inglis solution 

4.2.2  Stress and Energy Criteria 
 
 Fracture mechanics equations for materials that fail in a brittle manner should be 

able to account for the crack tip blunting theory if the blunted crack sharpens before 

fracture. Based on this premise, there are several ways to factor crack tip blunting into 

fracture mechanics equations.  The first method is to incorporate the degree of blunting 

into the Y factor of the fracture mechanics stress equation KC=Yó(c)1/2.  Since the critical 
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stress intensity factor should be a material property, we can set KC = 0.75 MPa*m1/2 and 

calculate the appropriate Y-factor for the etched samples to satisfy the equation. Figure 

4.6 shows graphically how the calculated Y-factor varies for the etched samples.  The 

etched samples that failed at lower stresses and had less crack tip blunting had Y-factors 

close to the Y-factor of 1.65 used for the unetched samples. The Y-factors then dropped 

off linearly with 1/σf, as predicted by the fracture mechanics equation.  The goal of this 

approach would be to incorporate the initial crack tip radius into the formulation of the 

Y-factor. TheY-factor is plotted versus 1/(ρ)1/2 in Figure 4.7, and again follows a linear 

trend as predicted by the Inglis equation. 

 
Figure 4.6 Y-factor projections for etched samples versus strength 
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 Figure 4.7 Y-factor projection plotted versus estimated crack tip radii from Inglis 

Another way to account for crack tip blunting using fracture mechanics equa tions 

is to the extra energy necessary to sharpen a blunted crack.  For the purposes of this 

discussion, we will assume plane stress conditions: 

    fC EK γ2=       (4.2) 

 
Where E is the elastic modulus, and γf is the fracture energy.  Equation 4.2 was then used 

to estimate the fracture surface energy of the material by using KC=0.75 and E=70 GPa; 

the resulting fracture surface energy of the glass was estimated to be 4 N/m.  Since the 

material failed in a brittle manner, it is assumed that in the etched samples the blunted 

crack was sharpened before failure.  This sharpening of the blunted crack can be thought 

of as an added energy barrier to failure, and could be described in a modified version of 

equation 6 which is similar to Orowan’s equation12 for failure of ductile materials:   

 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

0 0.1 0.2 0.3 0.4 0.5 0.6

1/(ρρ)1/2 (1/nm1/2)  

Y
-F

ac
to

r 
P

ro
je

ct
io

n



  

 

38 

    ( )Bfeff E2K γ+γ=     (4.3) 
 
The ãB term in equation 4.3 can be thought of as the energy necessary to sharpen the 

blunted crack before failure.  Samples with more highly blunted cracks will require more 

energy to sharpen the crack and will therefore have a higher effective toughness.  Figure 

4.8 shows graphically the so-called blunting energy plotted against effective fracture 

toughness for the etched samples. The effective fracture toughness increased linearly with 

(γB)1/2, as predicted by equation 4.3.  The samples that failed at higher stresses had higher 

effective fracture toughness, and therefore required more energy to failure in the form of 

sharpening the blunted crack tip.   

   Figure 4.8 Blunting energy of etched samples 
 

4.3  Characterization of Fracture Surfaces 
 

4.3.1 Fractographic Analysis 

Upon examination of the fracture surfaces it eventually became clear that there 

was a degree of stable crack growth during 4-point flexure testing.  This stable crack 

growth was observed in the unetched samples as well as the etched samples that failed at 
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lower stresses, and presumably whose crack tips stayed relatively sharp.  Figure 4.9 

shows optical images of fracture surfaces of both unetched and etched samples. The 

evidence for stable crack growth can just be made out between the arrows in the unetched 

sample. The etched samples that failed at higher stresses did not exhibit noticeable stable 

crack growth, possibly because residual stress was relieved, and/or the crack tip blunting 

mechanism inhibited any stable crack growth.  Using the optical microscope to assess the 

fracture surface, the initial flaws were easy to find, but the critical flaws due to stable 

crack growth were more difficult to ascertain.  

a) Unetched, σf = 50 MPa    b) Etched, σf = 145 Mpa 

Figure 4.9 Fracture surfaces of unetched and etched samples showing stable crack growth 
 
Crack size was an important factor in the fractography measurements.  All of the 

semi-elliptical flaws were converted to an equivalent semi-circular crack size by the 

relation c=(ab)1/2, so we can compare equivalent semi-circular crack sizes for the 

unetched and etched samples.20  The unetched samples had an average crack size of 74 ± 

6 µm, while the average crack size for the etched samples was 48 ± 5 µm.  This 

difference in critical crack size can mainly be attributed to two factors.  First, there was 

more stable crack growth in the unetched samples, which made the critical crack size 
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larger.  For the most part the etched samples were able to resist stable crack growth 

which could be due to the blunting mechanism.  Secondly, the etching process might 

have dissolved away material at the surface, thus making the surface flaws smaller to 

start with.  This process would manifest itself by creating smaller critical cracks in both 

width and depth.  Table 4.2 provides crack size along with strength and fracture 

toughness for both unetched and etched samples.  The table provides average values for 

the unetched samples, and values for selected etched samples to show the range of the 

data.  

Table 4.2 Strength, fracture toughness, and crack size of unetched and etched samples 
 Crack size 

(µm) 
Strength 
(MPa) 

Fracture toughness 
(MPa*m1/2) 

a/b ratio 

Unetched 74 ± 6 52 ± 3 0.75 ± .05 0.6 ± 0.1 
Etched 56 66 .82 0.4 
Etched 47 150 1.69 0.8 
Etched 45 232 2.55 0.9 

 
 In addition to crack size, the a/b ratio is a useful measure that provides 

information about the shape of the crack.  A normal a/b ratio for semi-elliptical cracks is 

0.8.19  Table 4.2 shows a/b values for both unetched and etched samples, and stable crack 

growth is a possible explanation why an average a/b ratio of 0.6 was obtained for the 

unetched samples, as opposed to the normal 0.8.  Less stable crack growth was observed 

in the etched samples, which is why the average a/b ratio for the etched samples was 0.7.  

This means that the stable crack growth occurred mainly in one direction, creating 

elongated critical flaws.   

Now that the strength and fracture toughness results have been presented, we can 

assess the different possibilities for the observed strength increase.  There are several 

possibilities for the observed strength increase. If the flaw size decreases, then the 
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strength increases. If tensile residual stresses are relieved, there would be a strength 

increase.  If the crack tip becomes less sharp, then the strength would increase.  We see in 

Table 4.2 that the crack sizes of the etched specimens were slightly smaller than those of 

the unetched specimens.  To assess the strengthening that should occur due to the 

decrease in critical flaw size of the etched samples, the familiar fracture mechanics 

equation can be used: 

 

    
cY

K c
f =σ        (4.4) 

 
Assuming a sharp crack with c=48µm, Kc=.75 MPa*m1/2, and Y=1.65, the strength 

should only increase to about 66 MPa, as compared to 52 MPa for the unetched samples, 

which is a strength increase of about 14 MPa.  This is obviously much smaller than the 

strengthening observed for most of the etched samples.  Even for the smallest observed 

crack size of 39 µm, the strength increase would be about 20 MPa, which is clearly not 

enough to account for the observed strength increase with etching.  Relief of residual 

stress is another possibility for the strength increase.  However, in examining previous 

studies and preliminary experiments from this study, the strength increase due to relief of 

residual stress is approximately 15-20 MPa.  Again, this value is much less than the 

strength increase observed in most of the etched samples.  In fact, if the decrease in crack 

size and relief of residual stress are combined to provide a net strength increase of about 

40 MPa, they still do not come close to accounting for the observed results.  This leads to 

the conclusion that the majority of the strength increase is most likely due to blunting of 

the crack tip.   
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In addition to measuring the crack size, the mirror size was measured for each 

sample.  This distance is represented in Figure 4.11 as r1 (ri where i=1), and has been 

shown to be related to the global stress at failure through the following equation:21 

    jBjjf KMYrY ==2/1σ     (4.5) 
 
This equation implies that the mirror region ends and the mist region begins once a 

certain stress intensity (KBj) is reached.  Thus the mirror constant, M1, should be constant 

for a given material just like KC.  The only difference is that the mirror constant is 

associated with the mirror/mist transition and is not in the vicinity of the crack.  Because 

M1 is not in the vicinity of the crack then it would be reasonable to assume that the 

unetched and etched samples should have similar mirror constants. When looking at the 

mirror sizes of the samples it was determined that the unetched samples had a mirror 

constant of 1.9 ± 0.1 MPa*m1/2, and the etched samples had a mirror constant of 1.7 ± 0.2 

MPa*m1/2.  This value for the mirror constant was consistent with findings in previous 

studies.25,26  Unbalanced ANOVA was performed to see if there was a statistically 

significant difference between the mirror constants of the unetched and etched samples.  

The test showed that there was no statistical difference between the mirror constants of 

the unetched and etched samples.  

The next important relationship to consider is the mirror to flaw size ratio (r1/c) 

for the unetched and etched samples.  From looking at the fracture surfaces, it was clear 

that the mirror to flaw size ratio was decreasing for the etched samples.  This decrease in 

mirror to flaw size ratio also appeared to occur with samples that failed at higher stresses.  

This pattern can be seen graphically in figure 4.10.  The unetched samples had a mirror to 

flaw size ratio of 14 ± 1 which was similar to the value obtained in a previous study25, 
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while the etched samples ranged from a mirror to flaw size ratio of about 10 to 1.8.  As 

the graph indicates, the mirror size was measured for only 11 of the relatively lower 

strength samples out of the 30 etched samples. This is because for the higher strength 

samples the mirror was too small to be measured with the optical microscope, or the 

fracture surface was lost due to shattering of the high energy fracture.   As noted before, 

the crack size did not change significantly among the etched samples.  Thus, the change 

in the mirror to flaw size ratio is due to the decrease in mirror size corresponding to the 

increase in strength.  The extrapolation of the line in figure 4.7 should be extended to an 

r/c of 1, because obviously the mirror size cannot get smaller than the crack.  What 

happens in reality is that somewhere near the r/c ratio of 1, the original crack no longer 

becomes the dominant crack and the fracture originates at another location.  The mirror to 

flaw size ratio for the crack at this new location should then return to the normal value of 

about 10-15.  

4.3.2 Optical Microscopy 

Originally the atomic force microscope was designated as the instrument best 

suited to measure the crack tip radius of the samples, but after many failed attempts it 

was abandoned partly due to my inexperience on the instrument and partly due to the 

difficulty of the task.  First of all it was difficult to obtain a decent image of the sample, 

and once a reliable image was produced it was difficult to discern where on the fracture 

surface the tip of the AFM was scanning.  In addition, the nature of the task was unclear 

at best.  Since the facture surface was examined, the flaw had already propagated through   
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    Figure 4.10 Mirror to flaw size ratio for unetched and etched samples  

 Figure 4.11  Schematic of fracture surface features 
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the material, so the best we could do would be to see if there was a difference between 

the fracture surfaces of the unetched and etched samples on the atomic level that could be 

attributed to crack tip blunting. Since there is no way to observe the critical crack in a 

material before failure, the other techniques we had available to obtain indirect visual 

evidence of crack tip blunting were optical microscopy and SEM.   

Light microscopy was used to measure the crack size and mirror size of the 

unetched and etched samples.  Figure 4.12 shows optical images of 3 fracture surfaces; 

one unetched sample and two etched samples that failed at varying stress levels.  The 

unetched sample failed at a stress of 50 MPa, and is characterized by a large mirror 

region.  The etched samples clearly show a decrease in the fracture mirror size, and hence 

a decrease in mirror to flaw size ratio with increasing failure stress. The mist and hackle 

region can be seen in the first etched sample, while the final etched sample exhibited such 

a high stress and high energy failure that the origin was not found. 

4.3.3 Scanning Electron Microscopy 
 
 Scanning electron microscopy was also used to look for differences between the 

unetched and etched fracture surfaces, and was able to do so at higher magnifications.  It 

was also used to examine unetched and etched radial cracks associated with the 

indentations.  This was done after the samples were fractured by placing the sample 

halves flat on the aluminum stubs and locating what remained of the indentations. The 

radial cracks emanating from the indentations were located for both the unetched and 

etched samples.  Figure 4.13 shows radial surface cracks from an etched sample, and 

figure 4.14 shows an unetched sample.  From these pictures the etched radial cracks were 

estimated to have a crack tip radius of approximately 4000 nm, while the unetched radial 
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cracks were estimated to have a crack tip radius of about 15 nm.  These values are very 

different than the values obtained using the Inglis solution, as shown in Figure 4.17.  The 

etched crack tip curvature for the critical flaw with Inglis was about 30-60 nm, while the 

etched surface radial cracks were measured to be about 4000 nm.  This discrepancy 

makes sense since you would expect the flaws at the surface to be rounded a great deal 

more than the critical flaw. The unetched crack tip radius using Inglis was about 3 nm 

compared with the SEM estimate of 15 nm.  This discrepancy is related more to the 

limitations in the resolution of the SEM.  Figures 4.15 and 4.16 show two etched fracture 

surfaces.  The mirror/mist boundary can clearly be seen in both fracture surfaces.  

    a) Unetched, σf = 50 MPa 

 

 

 

 

 

             a) Etched, σf = 145 Mpa   a) Etched, σf = 290 Mpa 
 
Figure 4.12 Fracture surfaces of unetched and etched samples showing failures at    
different stress levels 
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 Figure 4.13 SEM images of etched surface radial cracks 
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Figure 4.14 SEM images of unetched radial surface crack 
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Figure 4.15 SEM fracture surface of etched sample at different magnifications 
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Figure 4.16 Fracture surface of etched sample at different magnifications 
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Figure 4.17  Comparison of crack tip radius calculated from Inglis and measured from 
fracture surface
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CHAPTER 5 
CONCLUSIONS 

 
 The objectives of this study were to 1) characterize the fracture surfaces of both 

the unetched and etched samples to determine if evidence for crack tip blunting exists, 

and 2) use measurements of fracture surface features along with fracture mechanics 

equations to propose different ways of accounting for blunted cracks in brittle fracture.  

Based on the results of this study, the following conclusions can be made. 

 Relief of tensile residual stress, and decrease in flaw size due to etching only 

accounts for a small portion of the observed strengthening of soda- lime silica glass.  The 

majority of the strengthening is thought to be due to rounding of the crack tip.  The crack 

tip rounding hypothesis can explain the variability in the strength data because each 

unique critical indentation crack was not etched the same amount, so each crack was 

rounded a different amount.  

 Direct measurements of the radius of curvature of the critical indentation crack  

after fracture were obtained where possible, and the radius of curvature of both unetched 

and etched radial surface cracks was estimated using the SEM.   

 The fracture mechanics approaches to describe the blunted crack appear to be 

realistic.  The Inglis solution provided an estimate of the radius of curvature of both 

unetched and etched cracks that appeared reasonable in terms of atomic dimensions. The 

crack tip radii estimated with Inglis along with the calculated Y-factors provides a 

starting point to account for crack tip blunting in the stress intensity factor. In terms of 
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energy, the Griffith equation can be modified to include an extra energy term for the 

blunted crack to become sharp before fracture.  

 A direct correlation was found between the mirror to flaw size ratio and the 

strength of the etched samples.  Thus, it is possible to relate the mirror to flaw size ratio 

to the crack tip curvature of the blunted crack. 
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APPENDIX 
CALCULATED DATA 

 
Table A-1  4-point flexure results for unetched samples 
 
Sample Max Load (N) Max Stress 

(Mpa) 
65 65 52 
66 67 54 
67 63 50 
68 63 51 
69 61 49 
70 63 51 
71 64 51 
72 63 50 
73 66 53 
74 65 52 
75 62 50 
76 63 50 
77 64 51 
78 65 52 
79 67 54 
80 69 55 
81 69 55 
82 73 58 
83 67 54 
84 65 52 
85 67 53 
86 64 51 
87 74 60 
88 65 52 
89 71 57 
90 63 51 
91 67 54 
92 69 55 
93 62 50 
94 63 51 

Mean 66 52 
St. Dev.  3 3 

Min  61 49 
Max 74 60 
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Table A-2  4-point flexure results for etched samples 
 
 
Sample Max Load (N) Max Stress 

(Mpa) 
95 231 185 
96 89 71 
97 82 66 
98 140 112 
99 83 67 
100 246 196 
101 290 232 
102 366 293 
103 144 115 
104 188 150 
105 253 203 
106 203 162 
107 182 145 
108 473 378 
109 175 140 
110 330 264 
111 360 288 
112 330 264 
113 255 204 
114 247 197 
115 336 269 
116 98 78 
117 210 168 
118 209 167 
119 234 187 
120 356 285 
121 154 123 
122 345 276 
123 381 304 
124 136 109 
Ave 237 190 

St. Dev.  100 81 
Min  82 66 
Max 473 378 
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Table A-3  Fractography measurements and fracture toughness of unetched samples 
 

     Fractography Strength  
    Stress  Kc Indentation 

Kc 
a/b 

Sample a(um) 2b(um) c(um) Mpa  (MPa*m.5)  (MPa*m.5) Ratio 
65 52 197 71 52 0.73 0.75 0.52 
66 56 193 74 54 0.76 0.76 0.59 
67 61 240 86 50 0.76 0.73 0.51 
68 56 212 77 51 0.73 0.73 0.53 
69 66 235 88 49 0.75 0.71 0.56 
70 56 216 78 51 0.74 0.73 0.52 
71 61 221 82 51 0.76 0.73 0.55 
72 61 226 83 50 0.76 0.73 0.54 
73 52 202 72 53 0.74 0.76 0.51 
74 66 188 79 52 0.76 0.74 0.7 
75 61 235 85 50 0.75 0.72 0.52 
76 56 197 75 50 0.72 0.73 0.57 
77 61 212 80 51 0.76 0.74 0.58 
78 61 202 79 52 0.76 0.74 0.6 
79 52 183 69 54 0.74 0.77 0.56 
80 47 179 65 55 0.73 0.78 0.53 
81 52 183 69 55 0.76 0.78 0.56 
82 47 155 60 58 0.75 0.82 0.61 
83 56 183 72 54 0.75 0.76 0.62 
84 47 212 71 52 0.72 0.74 0.44 
85 52 188 70 53 0.73 0.76 0.55 
86 56 207 76 51 0.74 0.74 0.55 
87 47 188 66 60 0.8 0.83 0.5 
88 56 197 75 52 0.74 0.74 0.57 
89 56 150 65 57 0.76 0.8 0.75 
90 56 197 75 51 0.72 0.73 0.57 
91 52 188 70 54 0.74 0.76 0.55 
92 61 165 71 55 0.76 0.78 0.74 
93 56 202 75 50 0.71 0.72 0.56 
94 56 212 77 51 0.74 0.73 0.53 

Mean  56 199 74 52 0.75 0.75 0.6 
St. Dev. 5 21 6 3 0.05 0.06 0.1 
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Table A-4 Fractography measurements and fracture toughness of etched samples. Blank 
samples indicate crack size could not be measured 
 

      Strength  
    Stress  Fractography Indentation a/b 

Sample a(um) 2b(um) c(um)  MPa Kc (MPa*m.5) Kc 
(MPa*m.5) 

Ratio 

95 38 103 44 185 2.02 1.93 0.73 
96 38 160 55 71 0.87 0.94 0.47 
97 38 169 56 66 0.82 0.89 0.44 
98 42 103 47 112 1.27 1.33 0.82 
99 33 174 53 67 0.8 0.9 0.38 
100 38 99 43 196 2.13 2.02 0.76 
101 42 94 45 232 2.55 2.29 0.9 
102    293  2.73  
103 38 99 43 115 1.25 1.35 0.76 
104 42 103 47 150 1.69 1.66 0.82 
105 33 94 39 203 2.1 2.07 0.7 
106 42 99 46 162 1.81 1.75 0.86 
107 42 103 47 145 1.64 1.61 0.82 
108    378  3.31  
109 42 108 48 140 1.59 1.57 0.78 
110    264  2.53  
111    288  2.7  
112    264  2.53  
113    204  2.08  
114    197  2.03  
115    269  2.56  
116 38 146 52 78 0.93 1.01 0.52 
117    168  1.8  
118 42 103 47 167 1.88 1.79 0.82 
119 42 103 47 187 2.11 1.95 0.82 
120 38 99 43 285 3.08 2.67 0.76 
121 47 165 62 123 1.6 1.42 0.57 
122    276  2.61  
123    304  2.81  
124 42 103 47 109 1.23 1.3 0.82 

Mean  40 117 48 190   0.7 
St. Dev. 4 28 5 80   0.2 
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Table A-5  Mirror size and mirror constant values for unetched samples 
 
 

Sample rm c rm/c 
Mirror 

Constant 
  mm mm   (MPa m1/2) 

65 1410 99 14 2.0 
66 1222 96 13 1.9 
67 1692 120 14 2.1 
68 1222 106 12 1.8 
69 1504 118 13 1.9 
70 1410 108 13 1.9 
71 1504 110 14 2.0 
72 1410 113 13 1.9 
73 1222 101 12 1.9 
74 1504 94 16 2.0 
75 1410 118 12 1.9 
76 1410 99 14 1.9 
77 1222 106 12 1.8 
78 1504 101 15 2.0 
79 1504 92 16 2.1 
80 1410 89 16 2.1 
81 1222 92 13 1.9 
82 1128 78 15 2.0 
83 1316 92 14 1.9 
84 1410 106 13 1.9 
85 1410 94 15 2.0 
86 1316 103 13 1.9 
87 1175 94 13 2.0 
88 1410 99 14 1.9 
89 1128 75 15 1.9 
90 1410 99 14 1.9 
91 1316 94 14 1.9 
92 1316 82 16 2.0 
93 1363 101 13 1.8 
94 1363 106 13 1.9 

Ave 1361   14 1.9 
St. Dev 129   1 0.1 
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Table A-6  Mirror size and mirror constant values for etched samples 
 

Sample rm c rm/c 
Mirror 

Constant 
        (MPa m1/2) 

65         
66 705 80 9 1.9 
67 846 85 10 1.9 
68 212 52 4 1.6 
69 752 87 9 1.8 
70         
71         
72         
73 141 49 3 1.4 
74 94 52 2 1.5 
75         
76         
77 118 52 2 1.6 
78         
79 165 54 3 1.8 
80         
81         
82         
83         
84         
85         
86 423 73 6 1.6 
87         
88         
89         
90         
91 282 82 3 2.1 
92         
93         
94 282 52 5 1.8 

Ave       1.7 
St. Dev       0.2 
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