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ABSTRACT 

Delayed failure in silicate glasses can be linked to subcritical crack growth (SCCG) 

where surface defects grow over time until catastrophic failure. This phenomenon 

originates from stress-enhanced chemical interactions between the environment (e.g. 

water) and the strained silicate bonds at the crack tip. SCCG must be accounted for to 

predict the long-term survivability of silicate-glass components. This study compares two 

methods to measure SCCG parameters for a commercial alkali silicate sealing glass and 

for a series of binary xNa2O-(1-x)SiO2 glasses, where 0.15<x<0.35. A constant moment 

double cantilever beam (DCB) technique was used to directly measure the three regions of 

crack velocity (ν) as a function of stress intensity (KI) to describe the conditions of SCCG 

up to catastrophic failure. The two-point bend (TPB) method was used to determine failure 

strains as functions of relative humidity for fibers drawn from melts of the same glasses. 

The fatigue parameters calculated from the dependence of failure strain on the TPB 

faceplate velocity were then compared with those obtained from the direct velocity 

measurements by using a power-law model to calculate the Region I crack velocity. 
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1. INTRODUCTION 

1.1. OVERVIEW OF GLASS STRENGTH 

For many applications of silicate glasses, such as windows, displays for electronic 

devices, and pharmaceutical containers, fracture strength limits performance and 

functionality. The practical strength of glass depends on the interaction of water with glass 

structure which controls the conditions for subcritical crack growth (SCCG). Although 

commercial glass compositions are often more complicated, binary sodium silicate glasses 

can serve as representative models for these multicomponent silicate glasses and 

information on these simpler glasses can be used as a foundation for a range of 

experimental and computational studies.[1] 

By treating glass as a flawless brittle solid, its theoretical strength can be predicted 

from the amount of work done to pull bonds apart to create two new surfaces, and that 

theoretical strength has been predicted to be in the range of E/10 to E/π, where E is Young’s 

modulus.[2] Fused silica has an elastic modulus of 70 GPa, leading to predictions of 

theoretical strength of 13 to 30 GPa,[3] and studies of pristine silica fibers have reported 

tensile strengths in the range of 9-14 GPa.[4] However, practical glass surfaces are not flaw-

free. For real world applications of glass, the theoretical strength is greatly reduced by 

strength-limiting flaws that form from processing, machining, and handling.[5] In addition, 

environmental interactions with the glass also degrade the strength of glass, as will be 

discussed in more depth later.  
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1.2. EFFECT OF FLAWS 

Fracture strength is a function of a number of parameters including elastic modulus 

(E, GPa), flaw size (c, m), and fracture surface energy (, J/m2). Griffith used an energy-

balance analysis that related the loss in strain energy at fracture to the gain in surface 

energy.[5] He modeled elliptical flaws in an infinite plate that concentrated strain energy at 

the flaw tip to predict fracture strength (σ, GPa) for brittle materials, according: 

𝜎 = ඥ2𝐸𝛾/𝜋𝑐      [1] 

Since flaw size can vary widely, the strength of glass is considered an extrinsic property 

that depends on how the material is processed and handled. Table 1.1 shows representative 

strengths based on handling conditions.[6] 

 

Table 1.1: Typical strength of glass samples based on experience.[6] 

Sample Conditioning Typical Strength  

Freshly drawn, pristine fibers          ~700-10,000 MPa 

Handled fibers          ~350-700 MPa 

Freshly drawn rods          ~70-140 MPa 

Abraded rods          ~14-35 MPa 

Used glass products          ~14-70 MPa 

  

There are three types of modes of loading that will produce cracks in a material, 

distinguished by the direction the load is being applied (Figure 1.1). Mode I is an opening 

(tensile) mode, mode II is an in-plane crack shearing mode, and mode III describes an anti-

plane shearing or tearing crack.[7]  
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Figure 1.1: Mode I, II, and III fracture geometries, adapted from Wachtman et al.[7] 

 

Mode I is the most common loading mode and corresponds to the stress intensity 

factor KI (MPa•m1/2). Stress intensity factors are used to predict the stress state at or near 

the crack tip caused by residual stress or an applied load (σ, Pa): 

𝐾ூ = 𝜎√𝜋𝑐      [2] 

where c is the half size of the crack (m). When the stress state becomes critical (KIC), the 

crack will grow at critical speeds until failure. Fracture toughness, KIC, is a mechanical 

property that describes the ability of a material to resist fracture. For loads less than KIC, 

crack propagation occurs but at slower velocities, as discussed below. 

1.3. DOUBLE CANTILEVER BEAM STUDY 

A test often used to analyze crack propagation is the double cantilever and double 

torsion test.[8-12] The configuration of the applied moment double cantilever beam (DCB) 

specimen is shown in Figure 1.2. The central groove machined down the entirety of the 

specimen guides the crack, keeping it centered as it travels down the sample.[13] The 

dimensions of the samples are designed to prevent the fracture stress applied by the 
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specimen arms from becoming critical. When the cantilever beam is subjected to the 

applied bending moment, deformation occurs in the form of a crack at the central notch.[5]  

 

  

Figure 1.2: (left) Schematic drawing of the constant double cantilever beam test, adapted 
from Freiman et al.[5] and (right) a photograph of a DCB sample from the present study.  

 

The constant moment DCB technique can be used to directly measure crack 

velocity (ν) as a function of stress intensity. The strain energy release rate, 𝒢, is independent 

of crack length and can be used to calculate KI in relation to the changes of crack velocity: 

𝒢 =
୑మ

୉୍୲
      [3] 

𝐾ூ = ඥ𝒢𝐸     [4] 

Here, M is the bending moment, E is the elastic modulus of the glass, I is the moment of 

inertia, and t is the groove thickness. The moment of inertia was calculated using Equation 

5, which accounts for the central groove.[13] 

𝐼 =
௕௛యି௔௪య

ଷ
−

൫௕௛మି௔௪మ൯
మ

ସ(௕௛ି௔ )
    [5] 
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Here, b is the sample thickness, h is one-half of the sample width, a is the depth of groove, 

and w is one-half of the groove width. 

1.4. SUBCRITICAL CRACK GROWTH  

Subcritical crack growth often precedes fracture in a glass or ceramic material, 

where crack extension originates and propagates from micro-flaws within the material or 

on the sample surface. Subcritical crack growth is a result of a stress-enhanced chemical 

reaction between the material and moisture in the surrounding environment. This has been 

observed in glasses, traditional ceramics such as porcelains, oxides, and silicate 

minerals.[14] Much of the available crack propagation data has been collected on glasses 

because their transparent nature makes optical monitoring of the crack tip easier than what 

it would be for most opaque ceramic materials. 

Subcritical crack growth can be divided into four major regions (Figure 1.3). 

Region 0 occurs below the stress intensity threshold, the load below which no crack 

propagation occurs.[15] Region I shows a consistent increase in crack velocity with 

increasing applied load and is controlled by a stress-enhanced chemical reaction between 

water and the glass.[16,17] Region II is a plateau in the dependence of crack velocity on the 

applied load, where the growth rate is now determined by the rate at which water can be 

transported to the crack tip.[18] In Region III, crack velocity increases significantly, 

progressing at rates that no longer depend on the presence of water, as shown by 

comparisons of crack velocities measured in vacuum and in water.[19, 20]  
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Figure 1.3: Four regions of subcritical crack growth adapted from Ciccotti.[21] 
  

Region I is the stress-corrosion regime and SCCG here is attributed to the stress-

enhanced chemical reaction between water and the glass,[16,17] where water and glass 

composition (Figure 1.4) affect the dependence of crack velocity on the applied load.  

 

  

Figure 1.4: (left) Effect of humidity on crack propagation in soda-lime glass, and (right) 
Region I crack propagation in commercial glasses; adapted from Wiederhorn.[22, 23] 
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Stress corrosion cracking is one of the most important causes of failure of brittle 

materials. The strength of glass is reduced not only by the presence of flaws but also by 

environmental fatigue, the stress-enhanced chemical reactions that occur at a flaw tip. 

Water in the environment, even in small quantities, reduces the strength of the glass under 

load over time, a process called static fatigue. Wiederhorn showed that static fatigue only 

occurred in the presence of water and that the water vapor produced a corrosive attack on 

the glass at the crack tip in Region I and II. Wiederhorn also found that samples tested in 

vacuum or in dry nitrogen had strengths that were independent of water vapor, similar to 

what was observed in Region III.[24]  

 The phenomenon of delayed failure of brittle materials was first described as static 

fatigue by Baker and Preston in 1946, who emphasized the influence of humidity on failure 

characteristics.[25-27] Since static fatigue is due to crack growth, the environment at the 

crack tip and the reactions that occur there play a larger role in determining the strength of 

the glass. For this reason, fatigue should be considered for any application of glass, in air 

or in aqueous environments, when load is being applied.  

Stress-corrosion is thought to be the main mechanism for failure of glasses due to 

the chemical reaction between the water and the strained bonds at the crack tip.[22] Silica is 

considered to be inert in water when under no strain, but when the Si-O-Si bond is strained, 

it reacts with the water and hydrolyzes:[28-29] 

− 
|

𝑆𝑖
|

− 𝑂 −
|

𝑆𝑖
|

− +𝐻ଶ𝑂 → −𝑂 −
|

𝑆𝑖
|

− 𝑂𝐻  𝐻𝑂 −
|

𝑆𝑖
|

− 𝑂 −   [6] 
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In more basic solutions, silica is more susceptible to fatigue because hydroxyl ions can 

further attack the siloxane bonds that constitute the glass network,[30] to further propagate 

crack growth and sharpen the crack tip.[21] 

−
|

𝑆𝑖
|

− 𝑂 −
|

𝑆𝑖
|

− +𝑂𝐻ି → −
|

𝑆𝑖
|

− 𝑂ି + −
|

𝑆𝑖
|

− 𝑂𝐻   [7] 

The development of silanol bonds on the crack surfaces (e.g., reactions 6 and 7) can also 

affect the chemistry of the solution at a crack tip which in turn affects crack growth[31].  

For alkali-containing glasses, the solution at the crack tip is altered by an ion 

exchange reaction between the alkali ions and hydrogen ions in the solution, increasing pH 

at the crack tip which further etches the glass.[32]  

−
|

𝑆𝑖
|

− 𝑂 − 𝑁𝑎ା  𝑁𝑎ା − 𝑂 −
|

𝑆𝑖
|

− → −
|

𝑆𝑖
|

− 𝑂𝐻 𝐻𝑂 −
|

𝑆𝑖
|

− 𝑂   [8] 

Doremus suggested the possibility that hydronium (H3O+) ions are involved in the ion-

exchange process as well.[33] Depth profile studies of hydrated soda-lime silicate glass 

found that three hydrogen atoms replaced each Na atom that had leached from the hydrated 

glass surface, consistent with a Na+-H3O+ exchange mechanism: 

−
|

𝑆𝑖
|

− 𝑂ି𝑁𝑎ା + 𝐻ଷ𝑂ା → −
|

𝑆𝑖
|

− 𝑂𝐻 + 𝐻ଶ𝑂 + 𝑁𝑎ା  [9] 

Charles credited the fatigue in sodium silicate glasses to the extension of surface flaws by 

the leaching of Na+ ions from the glass at the crack tip.[34-36] France et al. studied the fatigue 

of silica and sodium borosilicate glasses in air and in water.[37] For samples tested in water, 

they found that glasses with low-soda contents were less susceptible to fatigue. Wiederhorn 

and Boltz studied stress corrosion for several different glass compositions and found that 



 

 

9

silica glass had the greatest resistance to stress corrosion followed by other low-alkali 

containing glasses, as seen in Figure 1.4, right. Soda-lime silicate glass, on the other hand, 

was much more sensitive to stress corrosion effects, indicating that reactions like those 

shown in equations [8 and 9] contribute to fatigue.[31] From this Wiederhorn developed a 

model for the dependence of Region I crack velocity on humidity (Figure 1.4, left)[22] and 

this model is the basis of the analysis that will be used later in this document. 

1.5. TWO-POINT BEND STUDY OF FATIGUE 

A common method for testing mechanical properties of high strength fibers are 

loading in tension and in two-point bending (TPB).[38] Unlike the tensile test, the two-point 

bend method does not present significant gripping problems and so is relatively easy to do. 

However, TBP measures failure strain, not stress, and so without information about the 

strain-dependence of the elastic modulus, TBP data cannot be used to measure strength.[38] 

In a TPB test (Figure 1.5), a section of glass fiber with diameter, d (µm), is bent 

into a U-shape between two parallel faceplates, one which is stationary and the other that 

travels at a programed faceplate velocity (vfp), compressing the ‘U’ shaped fiber until 

failure. The assembly is halted by an acoustic sensor that picks up the sound of the fiber 

failing. The gap distance at failure (D, µm) is recorded, and the failure strain (εf) is 

calculated with the following equation: [39] 

𝜀௙ =
ଵ.ଵଽ଼ ×ௗ

(஽ିௗ)
      [10] 
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Figure 1.5: (left) Schematic diagram of the two-point bending test configuration, and 
(right) a photo of a fiber between the faceplate assembly used in the present study; 

adapted from Tang and Brow.[40] 

 

Previous TPB studies have been done to characterize dependence of failure strain 

on humidity, an example of which is shown in Figure 1.6.[40] Water activity clearly has an 

effect on failure strain. 

 

 

Figure 1.6: Two-point bend failure strains in air at different relative humidities for soda-
lime silicate glass, from Tang et al.[40] 
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A dynamic fatigue parameter, n, is typically measured from failure stress or strain 

measurements at different loading rates.[41] Rondinella and Matthewson compared three 

different loading modes in a TPB experiment (constant faceplate velocity (𝑣௙௣)), constant 

strain rate, and constant stress rate, and found similar dependences for failure strains.[42] 

From these studies, they derived the TPB dynamic fatigue parameter, nTPB, as:  

n்௉஻ = 1 + 1 ൬
ୢ ୪୭୥(க౜)

ୢ ୪୭୥൫௩೑೛൯
൰ൗ      [11] 

1.6. SUMMARY OF PROJECT 

Brittle material failure can appear random and unpredictable when stresses are at a 

subcritical level, below fracture toughness. Gaps in our understanding of how structural 

flaws and environmental factors, particularly humidity, impact fracture propagation need 

to be better understood. 

In the present study, fatigue-related information was obtained for a commercial 

silicate glass and a series of binary sodium silicate glasses.  The DCB method was used to 

measure crack velocities in Regions I, II, and III, and the TPB method was used to measure 

the fatigue parameters in water and in air at different values of RH for the same glasses. 

The two sets of measurements were compared using a power law model.  
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2. METHODOLOGY 

2.1. MATERIAL SELECTION 

A series of sodium silicate glasses with the nominal molar composition xNa2O∙(100-

x)SiO2, where x = 15, 20, 25, 30, and 35, were produced with Na2CO3 (Fisher Science, 

≥99.5% purity) and SiO2 (Alfa Aesar, 99.5% purity) as raw materials that were mixed and 

then melted in a platinum-rhodium crucible in air using the conditions summarized in Table 

2.1. The melts were stirred with a platinum rod every hour for 3 hours, then left undisturbed 

for the final hour to allow any remaining bubbles to escape. Melts were poured into a 

64x100 mm preheated (150℃) graphite mold and annealed at Tanneal,1 for two hours, cooled 

and held at Tanneal,2 for two more hours, then cooled to room temperature. Schott-8061 glass 

monoliths, received from the manufacturer, were remelted, cast and annealed using the 

conditions indicated in Table 2.1.  

 

Table 2.1: Melting temperature (Tmelt), melting time (tmelt), annealing temperature 
(Tanneal), and annealing time (tanneal) for glasses prepared in the laboratory. 

Glass 
Composition 

Tmelt 
(°C) 

tmelt 
(hr) 

Tanneal,1 
(°C) 

tanneal,1 

(hr) 
Tanneal,2 

(°C) 
tanneal,2 

(hr) 

15Na2O∙85SiO2 1650 4 485 2 435 2 

20Na2O∙80SiO2 1500 4 480 2 430 2 

25Na2O∙75SiO2 1500 4 470 2 420 2 

30Na2O∙70SiO2 1300 4 460 2 410 2 

35Na2O∙65SiO2 1250 4 450 2 400 2 

Schott 8061 1500 4 460 2 410 2 
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Annealed glasses were machined (Bomas Machine Specialties, Inc., Woburn, MA) 

into one of five different types of samples for mechanical testing; sample dimensions are 

given in Table 2.2. The double-cantilever beam (DCB) samples were also machined with 

a 1.25 mm width central square groove down the length of each sample at a depth of 0.65 

mm. Samples were machined in aqueous based cleaning fluid.  

 

Table 2.2: Geometries of samples prepared for mechanical testing. 

Sample Dimensions 

ASTM C1421 Bend Bars 3 mm x 4 mm x 50 mm 

Constant Moment DCB 1.5 mm x 12.7 mm x 50.8 mm 

DMA specimen 3 mm x 4 mm x 50 mm 

Fibers 12.5 cm long, 100 mm diameter 

TMA/RUS specimen 10 mm x 10 mm x 25 mm 

 
 

Glass fibers were drawn from the surfaces of the Na-silicate and S-8061 glass melts 

using a process described elsewhere.[43] Briefly, bubble-free melts were heated in a 

platinum crucible to the fiber-pulling temperature (melt viscosity about 104 Pa-s, Table 

A.1), and a fiber was drawn from the melt surface and attached to a rotating cage positioned 

above the melt. The cage then pulled continuous fibers about 100 µm in diameter (Table 

2.2). Because the cage rotated on a screw, the fibers were separated as they were drawn to 

produce pristine samples about 12.5 cm long when cut from the cage arms. These fibers 

were used in the two-point bending experiments described below. 
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2.2. SUBCRITICAL CRACK GROWTH 

Subcritical crack growth velocities were measured using a constant moment double 

cantilever beam (DCB) setup, similar to that described by Freiman.[5] A two-part epoxy 

(Devcon) was used to attach the metal arms to the glass sample which was then notched 

using a 0.5 mm wide slow speed diamond saw to introduce an initial flaw for crack 

propagation. Notched samples were attached to the bending moment assembly inside a 

plexiglass environmental chamber. The initial DCB measurements on Schott-8061 samples 

were done in 20°C air with a relative humidity (RH) fixed at 75±5% RH using a saturated 

salt solution (36:100 NaCl:deionized water by mass) held in an open container in the 

chamber; the RH was monitored by a hygrometer (Electro Tech Systems Inc., Glendale, 

PA). The environmental chamber was subsequently equipped with two inlet ports, one 

attached to a bubbler and the other attached to a drierite column outside the chamber. Both 

the bubbler and drierite column were connected to solenoids that alternated the respective 

air flows into the chamber to vary the humidity that was controlled by a hygrometer located 

inside the environmental chamber. The DCB humidity was controlled in the relative 

humidity (RH) range of 3 to 98±0.3% at a temperature of 20°C. 

Standard weights were added via a cage that was suspended below the 

environmental chamber to increase the stress intensity factor, KI, as calculated from the 

strain energy release rate, 𝒢 in equation 3. Approximately 600g was added to the sample 

cage with the notched sample held at 30% RH to form the initial crack at the center of the 

machined gap. Once the initial crack was formed, the RH of the chamber was adjusted to 

the desired level and more weights were added to increase KI. Since the crack velocity is 

independent of crack length in the constant moment DCB setup, weight had to be added to 
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increase the crack velocity to characterize Region I and Region II v-KI behavior. The 

environmental chamber, weights and DCB assembly are shown in Figure 2.1. 

 

  

Figure 2.1: Environmental chamber and DCB assembly used to measure crack velocity at 
different stress intensities. 

 

Crack velocity was measured using an optical system that included an objective 

lens (20X) on a Basler ACA150-UC camera (Exton, Pennsylvania) that collected images 

at up to 150 frames per second. ImageJ (version 1.41, U.S. National Institute of Health) 

was used to measure the crack length from videos recoded during testing.[44] Crack velocity 

was calculated from crack length and time between individual frames. Crack velocity was 

calculated from an average crack extension recorded over at least five different frame sets 

and used to produce velocity standard deviations for each of the KI values. 

Crack velocity in Region III was measured using a Phantom T4040 high speed 

camera (Wayne, New Jersey) that collected videos from 50,000 to 80,000 frames per 
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second which were also analyzed by ImageJ. Tapered samples (Figure 2.2) were used for 

the Region III testing. Because of the very high crack velocities encountered in Region III,  

the taper on the sample caused the moment of inertia to increase as the crack traveled down 

the sample, providing a range of KI values over which crack velocity could be measured.  

 

   

Figure 2.2: Tapered DCB samples used for measuring Region III crack growth velocities 
for the Schott-8061 glass samples. 

 

2.3. TWO-POINT BEND TESTING 

Fiber failure strains were measured using a two-point bending system (TNL Tool 

and Technology, LLC, Parnell IA), in deionized water at 20°C and in 20°C air at different 

values of RH. As was done for the DCB samples, an environmental glove box was built to 

fully encase the TPB setup to control RH. Gloves were added to the TPB environmental 

chamber (Figure 2.3, left) to ensure RH control during testing. The hygrometer for this 
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setup was located near the TPB fixture and on opposite sides of the chamber as the air 

inlets to ensure circulation of the humid air throughout the box, to again control the air 

humidity at 3 to 98±0.7% RH at 20°C. 

 

  

Figure 2.3: Environmental glove box used for the TPB tests on glass fibers in air with 
different values of RH. 

 

Two-point bend (TPB) tests were done at constant faceplate velocities (vfp), ranging 

from 5 to 4000µm/s. Failure strain (εf) was calculated from the faceplate gap at failure (D) 

and the fiber diameter (d) using Equation 10. A minimum of 20 fibers were tested for each 

set of experimental conditions and the two-point bending failure strain results are presented 

using the Weibull formalism: 

ln ln ቀ
ଵ

(ଵି୔)
ቁ = m ln ε୤     [12] 

where P is the probability of failure and m is the Weibull modulus, a dimensionless 

parameter related to the distribution of failure strains. The dynamic fatigue parameter 
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(nTPB) was calculated from the faceplate velocity dependence of the failure strains 

measured in DI water and air using Equation 11. 

2.4. GLASS PROPERTIES 

Glass transition temperatures were determined by Differential Scanning 

Calorimetry (DSC), using a (Netzsch DSC 404). Glass powders (100-120 µm) were heated 

in air at a rate of 10°C/min, and the estimated uncertainty of the Tg values is ±2°C.  

Thermal Mechanical Analyses (TMA) were done using a Netzsch TMA 402 F1 to 

characterize the coefficient of thermal expansion (CTE) and the glass transition 

temperature of each sample. Glass samples were cut into rectangular prisms (Table 2.2), 

with parallel top and bottom faces. The samples were then placed vertically between two 

alumina spacers and a load was applied by the TMA piston rod. The sodium silicate glasses 

were heated in air at a ramp rate of 3°C/min, and the Schott 8061 sample was heated in air 

at 5°C/min, each to their respective dilatometric softening points. CTE values were 

calculated between 100 and 400°C, with an uncertainty of 5.68x10-7/°C; the uncertainty of 

the Tg values is ±2°C. 

Resonant ultrasound spectroscopy (RUS) was done to measure the elastic modulus 

of the Schott-8061 and sodium silicate glasses. RUS measures the mechanical resonance 

of a freely vibrating body with a specified geometry. The rectangular sample was corner-

mounted between two piezoelectric transducers and the samples were excited by a signal 

applied to one of the transducers. The applied signal has a range of frequencies all resonant 

responses were detected by the receiving transducer, then used to calculate the elastic 
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properties.[45] Measurements were made three separate times and average property values 

are reported. 

2.5. FRACTURE TOUGHNESS 

The fracture toughness was determined using the single-edged pre-crack beam 

(SEPB) method, described in ASTM C-1421.[46] The SEPB samples (Table 2.2) were 

cleaned with DI water, rinsed with ethanol, and then re-annealed to remove any residual 

stress resulting from machining. A Zwink test control II automated indenter was used to 

create nine Vickers indents laterally along the center of the bottom surface of each sample. 

Indents were produced with 9.81N load, held for 15s, and evenly spaced 0.3 mm apart from 

one another. Indented samples were then loaded in a bridge cracking assembly with 6 mm 

gap, shown in Figure 2.4. A load was applied to the assembly using an Instron 5565 5kN 

load cell at 0.05 mm/min. The load was removed when a crack popped in, as detected by 

an acoustic sensor. Samples were then removed from the bridge pre-crack assembly and 

gently placed into a common 4-point flexure loading fixture (Wyoming test fixture), shown 

in Figure 2.5. Here the load was applied until failure using an Instron 5565 1kN load cell 

at 0.05 mm/min. Both pre-crack and failure loading were conducted in dry N2 atmosphere 

with relative humidity below 0.8% and a temperature of 25°C. Fractographic analyses were 

conducted on the fracture surfaces of each sample to measure the pre-crack length, which 

was used to calculate fracture toughness. Fractography was conducted on a Keyence VHX-

7000, utilizing a VH-Z20R lens with x20-x200 magnification. Eight samples of each 

composition were tested and then averaged to determine the fracture toughness for the 
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composition, with an uncertainty of ±0.05 MPa*m1/2. The KIC values were used to with the 

KI measurements from the DCB tests in the power law calculations described below.  

 

 

Figure 2.4: Bridge pre-crack assembly with 6 mm center gap. 

 

 

Figure 2.5: Common 4-point flexure loading assembly. 
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3. RESULTS AND DISCUSSION 

3.1. GLASS PROPERTIES 

Table 3.1 summarizes the thermal properties collected from the TMA and DSC 

analyses of the Schott-8061 and the sodium silicate glasses. With increasing soda contents, 

there is a decrease in Tg and an increase in coefficient of thermal expansion (CTE), 

consistent with trends reported in the literature.[47]  

 

Table 3.1: CTE (100-400℃) and Tg values for the sodium silicate glasses and Schott-
8061, measured by TMA and DSC. 

Glass TMA CTE (/°C) TMA Tg 
(°C) 

DSC Tg 
(°C) 

15Na2O•85SiO2 7.9x10-6 478 488 

25Na2O•75SiO2 12.4x10-6 470 473 

35Na2O•65SiO2 15.3x10-6 448 452 

Schott-8061 10.3x10-6 458 460 

3.2. MECHANICAL PROPERTIES 

Table 3.2 shows the elastic modulus and fracture toughness values for each of the 

glass compositions that were tested. There was a systematic increase in elastic modulus 

with increase in soda content as seen in the sodium silicate glass series. The increase in 

elastic modulus for Schott-8061 could be a result of the several other elements present in 

the glass. The fracture toughness value for Schott-8061 was similar to that reported 

Salem.[48] There is no statistical difference in the fracture toughness values of the three 

soda silicate glasses.   
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Table 3.2: Elastic modulus and fracture toughness values determined for the silicate 
glasses. 

Glass 
Elastic Modulus 

(GPa) 
Density (g/cm3) 

Fracture Toughness 
(MPa*m1/2) 

15Na2O•85SiO2 62.5 2.34±0.02 0.72±0.06 

25Na2O•75SiO2 62.9 2.42±0.02 0.69±0.05 

35Na2O•65SiO2 63.0 2.34±0.01 0.71±0.05 

Schott-8061 67.7 2.64±0.07 0.72±0.02[48] 

3.3. SUBCRITICAL CRACK GROWTH 

All three regions of SCCG were measured for Schott-8061 glass. For Regions I and 

II, the measurements were done using the Basler camera; however, because the crack 

velocities in Region III were much greater, the Basler camera frame rate was not able to 

record crack velocities that high. For that reason, the Phantom high-speed camera was used 

on tapered samples to measure Region III crack velocity. Figure 3.1 summarizes all three 

regions of Schott-8061 and the associated KIC from literature.  

 

 

Figure 3.1: Regions I, II, and III of SCCG for Schott-8061, tested at 75% RH in 20℃ air. 
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Figure 3.2 shows some of the detailed data for the Region II crack velocity for the 

Schott-8061 glasses. In general, Region II crack velocities were greater when tests were 

done at greater values of atmospheric RH. Wiederhorn reported similar RH dependences 

for Region II crack velocities in soda-lime silicate glasses; viz., Figure 1.4.[22]  

A fatigue parameter was calculated from the Region II DCB data as the exponent 

of the logarithmic trendline. The data shown in Figure 3.2 indicates similar slopes, that are 

independent of RH, a finding that is consistent with those reported by Wiederhorn.[18] 

Wiederhorn reasoned that the corrosive attack that propagates a crack in Region I continues 

in Region II, but the plateau occurs because the crack speed controlled by the rate of water 

diffusion to the crack tip.[18] The increase in the magnitude of the Region II crack velocity 

with increasing RH at a constant value of KI appears to be related to the increase in the KI 

value where the transition for Region I to Region II occurs.  

 

 

Figure 3.2: Regions I and II of SCCG for Schott-8061 glass tested in air with different 
relative humidity. 
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Figure 3.3 shows that the transition from Region II to Region III crack growth 

behavior for the Schott-8061glass occurs at a value of KI greater than what was measured 

by the SEPB method. Results reported in the literature generally indicate a smaller range 

of Region III KI values for than are shown in Figure 3.3. Uncertainties with the crack 

velocity and KI measurements could be associated with the difficulty in analyzing the 

tapered sample and with the lower magnification of the phantom high-speed camera.   

 

 

Figure 3.3: Regions I, II, and III crack velocity data for Schott-8061 tested in 20℃ air at 
approximately 75% RH; the horizontal line is KIC value measured by the SEPB method.  

 

Only Region I crack velocities were measured for the binary sodium silicate glasses. The 

35Na2O composition was initially tested in 70±3% RH air but these conditions led to crack 

blunting and crack arrest because of rapid reactions between atmospheric water and the 

glass. When tested under 3±0.3% RH, stable crack growth behavior was noted for the 

35Na2O glass. When comparing the tests done in dry (3% RH) and wet (70% RH) air, there 
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was clear evidence for the presence of water, likely the result of capillary action, present 

at the crack tip in the latter samples. Figure 3.4a shows that water has filled the length of 

the crack driven into the 35Na2O in a 70% RH air environment, whereas the tests done in  

dry air (3% RH) produced a sharper crack tip without noticeable pooling of water (Figure 

3.4b). Condensation of water resulted in water inside the crack tip and throughout the crack 

body. This made it increasingly difficult to measure the crack front because the water 

distorted the crack tip, as seen in Figure 3.4c. In the 70% RH tests, the crack swayed from 

one side of the groove to the other repeatedly. By moving off centered the bending moment 

would change and as a result the KI values measured would be different. When tested in 

dry environment the crack ran straight down the sample without swaying. Swaying of the 

crack tip in 70% RH for the 35Na2O glass can be seen in Figure 3.4d. 

 

 

Figure 3.4: Crack tips in humid environment (a), crack tip in dry environments (b), water 
filling crack tip (c), and non-centralized swaying of crack tip (d) in 35Na2O•65SiO2 glass. 
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The Region I DCB data are summarized in Figure 3.5 and include measurements 

from at least three different samples of each glass composition. The individual KI values 

were calculated from the sample dimensions and the load applied during test. The v-KI data 

in Figure 3.5 were used to calculate the SCCG parameters for each glass, based on the 

exponent of the logarithmic trendline.[42] The fatigue parameters are summarized in Table 

3.3; here, a smaller value for nDCB implies a greater sensitivity towards water for crack 

extension. The nDCB value for Schott-8061 measured in this study (16.4 ± 1.2) is in good 

agreement with that reported from four-point bend test methods described by Salem and 

Tandon[48].  

 

Figure 3.5: Crack velocity as a function of KI for the various alkali silicate glasses, where 
Schott-8061, 15Na2O, and 25Na2O were tested in ~70% RH air and 35Na2O was tested in 

3% RH air due to the blunting that occurred in high humidity. 
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Table 3.3: Fatigue parameters with 95% confidence intervals determined by DCB and 
TPB measurements for glasses in water or in humid air. 

 nDCB 
(70% RH air) 

nTPB 
(RT DI water) 

nTPB 
(70% RH air) 

15Na2O•85SiO2 23.1 ± 1.3 10.5 ± 0.2 18.8 ± 0.3 

20Na2O•80SiO2 -- -- 12.2 ± 0.3 

25Na2O•75SiO2 24.3 ± 1.7 7.4 ± 0.2 11.5 ± 0.3 

30Na2O•70SiO2 -- -- 11.2 ± 0.3 

35Na2O•65SiO2 25.6 ± 1.0 (3% RH) 8.6 ± 0.2 10.4 ± 0.3 

Schott-8061 16.4 ± 1.2 16.7 ± 0.3 18.6 ± 0.3 

 

3.4. TWO-POINT BEND FAILURE STRAIN MEASUREMENTS AND DYNAMIC 
FATIGUE  

Figure 3.6 shows the TPB failure strain distributions, plotted using the Weibull 

formalism, for 25Na2O•75SiO2 glass fibers tested at increasing faceplate velocities (vfp) in 

20℃ air at 70% RH. There is a systematic increase in failure strain with increasing vfp, 

consistent with SCCG effects influencing the failure conditions.[40] Similar trends are 

apparent for the other glass compositions tested in both humid air at 70% RH and tested in 

20℃ DI water; viz., Figure A.3 and Tables A.2 and A.3 in the appendix. It can be seen that 

the failure strain for samples tested in water fell below the failure strain of samples tested 

in high humidity. This trend was observed with each of the glass compositions in each of 

the different testing setups.  

 

 



 

 

28

 

Figure 3.6 Two-point bend failure strain measurements made at various faceplate 
velocities in air (70% RH) for the 25Na2O•75SiO2 glass fibers. 

 

Figure 3.7 shows the average TPB failure strains as a function of soda concentration 

and faceplate velocity. There is a systematic increase in failure strain with increasing soda 

contents for tests done at 4000µm/s, a less systematic increase for the 500µm/s data, and 

almost no difference in failure strains of these glasses when measured at 5µm/s.  

Celarie et al. studied ion diffusion in soda-lime silicates at the crack tip, in highly 

stressed regions. They claimed that there are two steps in slow crack growth: the first being 

fast migration of sodium ions to the fracture surface followed by a slower interdiffusion 

between the alkali ions and the hydronium ions enhanced by the network changing the 

bond angle and length under stress.[49] For the case of two-point bending, at the slower 

faceplate velocities which take much longer to test, a similar reaction may be taking place. 

Since the fibers have a pristine surface and no initial flaws, this stress-induced 
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reorganization of the silicate network could lead to the nucleation of a flaw, whereas DCB 

is the propagation of a macroscopic flaw initially present in the sample. 

 

 

Figure 3.7: Average failure strains as a function of soda contents for binary soda silicate 
glass fibers tested in 20℃ air at 70% RH. 

 

The average failure strains for the sodium silicate fibers tested in 20℃ DI water are 

shown in Figure 3.8. As was found for fibers tested in room temperature air at 70% RH 

(Figure 3.7), fibers tested in water at greater faceplate velocities had greater failure strains. 

There is little effect of glass composition on failure strains measured at different faceplate 

velocity. This is seen as the minimal change in failure strain with increase in soda content, 

which explain certain corrosion reactions that take place in highly reactive systems such as 

water, making the main mechanism of failure for the TPB samples tested in water different 

than those tested in high humidity. 
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Figure 3.8: Average failure strains as a function of soda contents in the binary sodium 
silicate glasses for fibers tested in 20℃ DI water. 

 

Figure 3.9 shows the effects of faceplate velocity on the failure strains measured 

for 15Na2O•85SiO2 glass fibers tested in both 20℃ air at 70% RH and in 20℃ DI water. 

Fibers failed at lower strains in water, although the differences between the failure strains 

for the two conditions were larger at slower faceplate velocities. Similar data sets were 

collected on the other glasses and are shown in Figure A.2 in the appendix. 

The slope of the log(f) vs. log(vfp) lines can be used to calculate the two-point bend 

fatigue parameter (nTPB), from Eq.[11], and these values are equal to 18.8±0.3 for samples 

tested in 20℃ air (70% RH) and 10.5±0.2 for samples tested in 20℃ DI water.  A lower 

value of the fatigue parameter indicates a greater sensitivity to the effects of water.  Figure 

3.10 summarizes the log(f) vs. log(vfp) data for each glass tested in 20℃ air (70% RH), 

and the resulting fatigue parameters are given in Table 3.3, along with those obtained from 

fibers tested in water. It is worth noting that the nTPB measured here for the 25Na2O•75SiO2 
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glass in water (7.4 ± 0.2) is in good agreement with the value reported by Tang (6.9 ± 0.2) 

for similar experimental conditions.[40] 

 

Figure 3.9: Log 𝜀௙ vs. log 𝑣௙௣ for 15Na2O•85SiO2 glasses tested in both 20℃ air at 70% 
RH and in 20℃ DI water. 

 

 

Figure 3.10: Average failure strain as a function of faceplate velocity for each glass 
measured in 20℃ air at 70% RH. 
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The stress intensity dependence of Region I crack velocity measured by TPB can 

be modeled with a power law, as described by ASTM C1368:[50] 

𝑣 =
ௗ௔

ௗ௧
= 𝐴𝐾ூ

௡೅ುಳ = 𝐴∗ ቀ
௄಺

௄಺಴
ቁ

௡೅ುಳ

   [13] 

where A* is the slow crack growth parameter and is calculated from: 
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మ

஻(௡೅ುಳିଶ)௒మ
    [14] 

where Y is geometry factor related to the flaw shape (equal to 1.122 for semicircular flaws 

in bending)[51], B is the material/environmental parameter, nTPB is the fatigue parameter 

discussed above, and α and β are the slope and y-intercept of the log(flexure strength) vs. 

log(stress rate). Rondinella and Mattewson[42] used this power law model to analyze TPB 

data. From log(f) vs log(vfp) data, like those shown in Figure 3.10. The slope was used to 

calculate a fatigue parameter (nTPB, Equation 11) and the intercept () was used to calculate 

the B-term in Equation 14 from: 

𝐵 =
ா௥(௡೅ುಳାଵ)ଵ଴ഁ൫೙೅ುಳషభ൯

଴.ସଵ଻(௡೅ುಳିଵ)
     [15] 

where E is the elastic modulus and r is the radius of the glass fiber. Table 3.4 shows the 

values for β and nTPB from the linear regression analysis of the 𝜀௙(𝑣௙௣) data shown in Figure 

3.10. These values were then used to calculate the crack velocity-stress intensity 

relationships for different glasses tested under the TPB conditions, using equation 13, but 

with nTPB. Figure 3.11 shows the results of those calculations for each glass composition 

that has pairing DCB data.  
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Table 3.4: Power law parameters calculated from TPB failure strain measurements in 
70% RH air. 

 β nTPB 
(70% RH air) 

15Na2O•85SiO2 0.58 ± 0.02 18.8 ± 0.3 

20Na2O•80SiO2 0.54 ± 0.02 12.2 ± 0.3 

25Na2O•75SiO2 0.53 ± 0.02 11.5 ± 0.3 

30Na2O•70SiO2 0.50 ± 0.02 11.2 ± 0.3 

35Na2O•65SiO2 0.52 ± 0.02 10.4 ± 0.3 

Schott-8061 0.51 ± 0.01 18.6 ± 0.3 

 
 

 
Figure 3.11: Region I crack velocities for alkali silicate glasses in room temperature air at 

70% RH, calculated from the TPB parameters in Table 3.1 and Eq. 13. 

 

Figure 3.12 compares the Region I crack velocities calculated from the TPB 

parameters (lines) to the respective crack velocities measured by DCB (symbols) for the 

15Na2O•85SiO2 glass (left) and for Schott-8061 (right).  The power law model (Equations 

13-15) does a good job of reproducing the relative magnitudes of the DCB V-K data from 
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the TPB parameters, but the differences in slopes of the two data sets reflect the differences 

in nDCB and nTPB, particularly for the 15Na2O•85SiO2 glass (Table 3.3).  

 

 
Figure 3.12: Region I V-K data in 70% RH air for (left) 15Na2O•85SiO2 glass, and (right) 

Schott-8061 glass. Symbols are measured by DCB and lines are predicted by TPB. 

 

In comparison to the fatigue parameters from the DCB measurements in Table 3.3, 

those obtained by TPB are all lower, indicating a greater sensitivity towards water for TPB 

failure than for crack extension in the DCB tests. In addition, the more chemically durable 

glasses (Schott-8061 and 15Na2O•85SiO2) have greater values of nTPB, measured in water 

and in 70% RH air, than what was measured for the less durable glasses (25Na2O•75SiO2 

and 35Na2O•65SiO2), whereas those less durable glasses have greater values of nDCB. This 

suggests that the effects of water on crack extension, as measured by DCB, are different 

from the effects of water on inducing failure in a TPB experiment. 

When sodium silicate glasses are exposed to water or water vapor, an ion exchange 

reaction can occur at the surface to release sodium ions to the solution and to create a silica 

gel surface layer;[52] viz., reactions [8] and [9]. Charles and Hillig[16] found that under 

subcritical KI conditions, reactions between the glass and atmospheric water caused the 
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crack tip radius to broaden and thus blunt crack growth, a phenomenon also noted by Ito 

and Tomozawa.[53] Gehrke et al. found that the formation of a leached layer on corroded 

alkali silicate glasses arrested Vickers indentation cracks.[54] Similar effects could explain 

the high values of nDCB found in this study for the soda-rich silicate glasses and why stable 

crack growth was not found for the 35Na2O glass at 70% RH. In the 70% RH sample, 

condensation was observed to well up in the crack tip (Figure 3.4a) and this could lead to 

crack blunting, whereas in the 3% RH test there was a sharp crack tip throughout the 

entirety of the tests. 

The fatigue parameters for TPB were collected under dynamic testing conditions 

where the specimens are loaded to failure (i.e., increasing stress intensity), whereas the 

Region I DCB conditions do not reach the critical stress intensity for failure. As a 

consequence, the longer times associated with the DCB measurements allow for greater 

interactions between water and the crack tip, altering the conditions for crack extension.  

A second difference between the DCB and TPB experiments is the nature of the 

flaw that leads to sample failure. In the DCB tests, the critical flaw is machined into the 

sample and then extended by increasing the applied load. Water accelerates the flaw 

extension for a given applied load. In the TPB experiments, the surfaces of fibers drawn 

from the melt are much more pristine, and the fibers must withstand significantly greater 

loads before they fail than those that are applied in a DCB experiment. The role of water 

under the TPB conditions may be to first nucleate a flaw and then propagate it to failure.[55] 

The lower values of nTPB for the soda-silicate glasses, in both water and in 70% RH 

conditions, may indicate the greater sensitivity of these glass surfaces for the water-induced 

nucleation of the initial flaw. 
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Lower et al. reported that the failure strains from binary soda-silicate glasses tested 

in liquid nitrogen increased systematically with increasing soda contents and glasses with 

more than 10 mole% Na2O had greater failure strains at lower faceplate velocities.[56] 

Fatigue effects are removed for tests under liquid nitrogen and so the failure strain trends 

noted by Lower, et al. were associated with a greater reorganization of the modified silicate 

network for glasses with greater soda contents. In a recent molecular dynamics study, Kob 

et al.[57] noted similar compositional dependences on failure strain behavior of binary soda 

silicate glasses under tension and related that to strain-induced deformations of the silicate 

network and distortions of the bonding environments around the sodium ions.  Similar 

structural reorganization effects may contribute to the overall greater failure strains of the 

alkali-rich binary glasses, compared to glasses with more cross-linked silicate networks, 

i.e., Figure 3.9. It is conceivable that the reorganization of the network structure under the 

much greater loads applied in a TPB experiment may determine the conditions under which 

an ultimately fatal flaw is nucleated on the pristine glass surface.  
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4. CONCLUSIONS 

 

The DCB method was found to be useful for measuring stable crack growth 

velocities in all three regions of subcritical crack growth, although the 35Na2O•65SiO2 

samples tested in 70% RH air exhibited crack arrest due to water penetrating and blunting 

the crack tip. When tested in 3% RH air, stable crack growth was observed. Two-point 

bend studies performed in DI water and in air were able to produce consistent strain 

measurements and high Weibull moduli. Failure strain measurements were used to 

calculate dynamic fatigue parameters for each of the glass compositions in 70% RH air and 

it was determined glasses with greater soda-contents were more sensitive to the effects of 

water (lower values of nTPB). In contrast, to the DCB measurements which revealed less 

sensitivity to water (greater values of nDCB) for the alkali rich glasses. An empirical power 

law model was used to predict Region I crack velocities from the TPB data and these 

reflected the differences in nDCB and nTPB. The DCB experiments measure the extension of 

pre-existing flaws and are sensitive to changes in the local environment of the crack tip 

which can alter flaw geometry and thus change the V-K characteristics. The TPB 

measurements, on the other hand, are made on pristine glass fibers and the effects of water 

on the nucleation of the critical flaw may control the fatigue behavior. 
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5. FUTURE WORK 

 

This research has demonstrated the feasibility of measuring subcritical crack 

growth of the Schott-8061 glass in 70% RH air for all three regions. However, for less 

chemically stable glasses like the binary sodium silicate glasses, only Region I data could 

be obtained at 70% RH. To further improve the understanding of fatigue susceptibility and 

subcritical crack growth, DCB and TPB should be tested under lower humidity conditions.  

The procedures for DCB testing followed in the present work could be improved.  

Initial DCB tests of the 15Na2O•85SiO2 glass at 3% RH produced hairline cracks that could 

not be analyzed using current procedures. It was found that polishing the back of the DCB 

sample and the DCB sample groove, both to a 1µm finish, then imaging the resulting cracks 

at a greater magnification than used before, allowed quantitative crack velocity 

measurements to be made.  Figure 5.1. shows an example of the improved resolution for 

characterizing DCB cracks. 

 

 

Figure 5.1: Sharp crack tip of 25Na2O•75SiO2 composition tested in 20℃ air at 3% RH 
after the surface had been polished. 
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To better understand the humidity dependence of the TPB failure strains, TPB 

testing should be done in air under a wider range of relative humidity values. Figure 5.2 

shows the humidity dependence of failure strain for silica, soda-lime silicate, and E-glass, 

reported by Tang et al.[40]. Similar data collected on the binary soda silicate glasses might 

separate contributions to failure strain from structural reorganization effects from those 

associated with fatigue reactions with strained bonds in pristine glasses.   

 

Figure 5.2: Failure strain in air as a function of relative humidity for commercial silicate 
glasses; from Tang et al.[40] 

 By further investigating strain and subcritical crack growth, a better understanding 

of fatigue in both short-term and long-term testing can be obtained, and this understanding 

could be useful for those who need to predict the lifetimes of glass components. 
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APPENDIX 

Table A.1: Temperatures used for pulling fibers from glass composition. 
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Figure A.1: Two-point bend failure strain measurements made at various faceplate 

velocities in air (70% RH) and DI water at 20℃ for (a) Schott-8061, (b) 15Na2O•85SiO2, 
(c) 25Na2O•75SiO2, and (d) 35Na2O•65SiO2 (e) 20Na2O•80SiO2, (f) 30Na2O•70SiO2 

glass compositions. 
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Table A.2: Average two-point bend failure strain measurements made at various faceplate 
velocities in 20℃ air (70% RH) for all glasses tested. 

 

 

Table A.3: Average two-point bend failure strain measurements made at various faceplate 
velocities in 20℃ DI water for all glasses tested. 
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Figure A.2: Log 𝜀௙ vs. log 𝑣௙௣ for glasses tested in both 20℃ air at 70% RH and in 20℃ 
DI water, for (a) Schott-8061, (b) 15Na2O•85SiO2, (c) 25Na2O•75SiO2, and (d) 
35Na2O•65SiO2, (e) 20Na2O•80SiO2, (f) 30Na2O•70SiO2 glass compositions. 
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Figure A.3: Average TPB failure strains as a function of faceplate velocity for glasses 
measured in 20℃ DI water. 
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