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Abstract 

Subcritical crack growth of synthetic fused silica glass is investigated using the Single-Edge-V-

Notched-Beam (SEVNB) method. The measurement was performed in a very stiff four-point 

bending device, which is equipped with a computer-aided control system. This technique enables 

several loading cycles of controlled crack growth with one measurement and sample. The control 

system is based on an online compliance measurement that enables an automatic measurement 

routine without much operation of the user and without the necessity of the optical observation 

of the crack. The crack velocity as a function of the applied stress intensity factor was 

determined by analysing the measured specimen compliance. The presented method allows 

determining a large number of v-KI curves under identical conditions by measuring only one 

sample. 
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Introduction 

 

The fracture toughness (KIc) is a material parameter that characterises the onset of unstable crack 

propagation. Subcritical crack growth (SCG) causes the crack growth to start even when the 

applied stress intensity factor is less than the fracture toughness [1,2,3]. SCG is material 

dependent and depends on the environment and the temperature. This type of crack propagation 

has to be considered and characterised for an appropriate and reliable application of the used 

material.  

There are several methods for determining the subcritical crack growth behaviour (for an 

overview see, e.g., Ref [3]). One of them is the bending test. Kleinlein and Wilde et al. [4,5] 

have earlier performed controlled fracture tests with chevron-notched bending samples to 

investigate the subcritical crack growth behaviour of macrocracks. The greatest challenge here is 

to advance the crack in a stable manner. Controlled crack propagation experiments were realized 

in Refs [4,5] by reducing the load before the point of unstable crack growth in the force-

displacement curve was attained. This crucial point was estimated in advance using an estimated 

KIc of the material and the corresponding crack length. 

In the present study, controlled fracture measurements are described, which were performed in a 

custom-made bending device that is equipped with a computer-aided control system, which 

measures the sample compliance online. This enables automatic stable crack growth 

measurements without much operation of the user. It was already successfully applied to silicon 

nitride [6,7] to measure extremely steep R-curves and to zirconia-toughened alumina [8] to 

determine the fracture toughness with automated control of stable crack growth. The advantage 

of this computer-controlled system is that manifold routine measurements without the necessity 

of highly qualified research assistants are possible. The automation allows very reproducible and 

standardised measurements with a high density of data points. Furthermore, compared to the 

conventional methods, our automated measuring system minimizes the number of needed 
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samples, because stable crack growth is more easily realisable. In principle, the presented 

method allows determining the v-KI curve over the whole range. Especially efficient is the 

method for high crack growth velocities. Such a measurement and the corresponding evaluation 

of the data can be completed within one day. 

 

As an example, the potential of this method is presented in this article. The Single-Edge-V-

Notched-Beam (SEVNB) method is used to determine subcritical crack growth behaviour on 

synthetic fused silica glass. The experimental procedure, including experimental setup and 

preparation of the specimen, will be introduced briefly. The theoretical background for 

calculating the crack velocity at different applied stress intensity factor levels by means of the 

analysis of the measured compliance will be given. Finally, the result of a sequence of 

measurements will be presented. The result shows that this method enables determining a large 

number of v-KI curves by measuring only one specimen. 

 

 

Determination of v-KI curve by means of the measured compliance 

 

Theoretical background 

 

In the following, the theoretical background as well as the used experimental setup is presented 

briefly to give the basis for evaluating the measured data. The four-point bending test, in 

particular the SEVNB method, is commonly used to determine the fracture toughness KIc. If we 

neglect SCG, the condition for crack growth is fulfilled when the applied stress intensity factor 

KI is equal to the fracture toughness KIc. The applied stress intensity factor KI for a four-point 

bending test can be calculated by (see, e.g., Ref [9]): 
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with   α= a/h      and     ∆s = s2  s1, where s1 is the inner and s2 the outer distance of the support 

rollers, b the width of the specimen, h the height of the specimen, F the applied force, a the 

actual crack length and, Γ(α) the geometric function. If SCG prevails, the criterion for crack 

growth is not KI = KIc anymore, because the crack growth already starts at KI < KIc. In glass 

exhibiting the effect of subcritical crack growth, the crack velocity v is strongly affected by the 

water in the environment [1]. For a material that exhibits slow crack growth, the dependence of 

the crack velocity on the measured fracture toughness KI can be characterized by a v-KI diagram 

as shown schematically in Fig. 1 [2,3]. In region I, the crack velocity increases with an 

increasing stress intensity factor and is influenced strongly by the environment. In some cases 

(e.g., soda-lime glass [10,11]), no SCG was found below the threshold value KI,th. In the limit of 

very high velocities in region III, KI is equal to the fracture toughness KIc, which corresponds to 

the case without subcritical crack growth. For glass, it was also found that, at relatively high 

crack velocities, v is independent of KI. This plateau is identified by region II. As the v(KI) 

function increases continuously, every crack velocity v corresponds to a specific value of KI. 

The experiments were performed in a very stiff custom-made four-point bending device, which 

is displacement controlled [12]. The support rollers have distances of 10 mm and 20 mm and a 

diameter of 5 mm. With this displacement controlled device, crack propagation can be conducted 

in a stable manner. A key feature of this device is a computer-aided control system that evaluates 

the slope of the force-displacement curve during the measurement online. Because the 

compliance of the sample increases as the crack propagates, the information of the actual slope 

of the force-displacement curve can be used to detect crack propagation even before it can be 

observed optically on the sample surface [8]. The user sets a critical slope value (representing a 
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well-defined compliance), which is above the initial compliance. As soon as the actual slope of 

the load-displacement curve reaches this set value, the device unloads automatically. Thus, the 

crack propagation can be stopped after it has been initiated and before catastrophic failure 

occurs. After this partial unloading, the measurement is restarted. Herewith, this technique 

provides the opportunity to perform several loading cycles on one specimen. It should also be 

mentioned that performing controlled fracture tests on particular brittle materials (like Si3N4 

[6,7] and zirconia-toughened alumina [8]) were only possible by means of this computer-aided 

technique and the high stiffness of the device. Especially, materials with constant fracture 

toughness like glass require an even stiffer device and a faster response time to unload to 

perform stable crack growth. 

 

 

FIG 1: Schematic v-KI curve with different crack velocity regions. 
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When crack propagation is initiated, the specimen compliance increases with the crack 

propagation l. The change in compliance (∆C) for a specimen with a notch length of a0 is given 

by [13]: 
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where α0 = (a0+l0)/h is the pre-existing total crack length at the beginning of the cycle to be 

evaluated, α = α0 + (l/h) and E is the Young’s modulus. 

It has to be considered that after sample preparation, crack-like defects already exist ahead of the 

sharpened notch of notch tip radius rN, which can be characterised by a pre-crack of length l0. 

When crack propagation has been initiated, l0 extends by subcritical crack growth while the 

specimen is being loaded. For short pre-cracks (l0 < 1.5 rN), Eq 2 is not correct anymore because 

the obtained results are influenced strongly by the notch effect (see Appendix). The influence 

disappears when l > 1.5 rN (where l = l0+Δl) or when rN is above a critical notch radius rc, which 

is material dependent. When the crack propagates for l < 1.5 rN, the notch effect also has to be 

considered when determining the change of compliance and the applied stress intensity factor. 

However, for the presented measurements, it was ensured already after the first partial unloading 

that l > 2 rN and, consequently, the notch influence could be neglected for the following loading 

cycles. If a large number of cycles can be evaluated it is recommended to extend the crack in the 

first cycles so that l > 1.5 rN is reached. The evaluation of the v-K curve can then be simply 

computed via Eqs (1) and (2). For the case of only a small number of successive loading cycles 

achievable, the first cycle may also be evaluated by application of the slightly more complicated 

relations given in the Appendix. In this case, the pre-existing initial crack length has to be 

obtained from inert strength measurements (see also Appendix). 
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Evaluation of experimental Data 

 

To keep a clear overview, only the evaluation of the experimental data of the first loading cycle 

from one measurement with stable crack growth will be shown. The test specimen is a bar with 

dimensions of about 3 x 5 x 25 mm3, a notch of length a0 = 2.46 mm, and a notch radius of 

rN = 11.5 µm prepared by use of a diamond saw blade and sharpened with the razor blade 

method [14]. The material is a synthetic fused silica glass (SCHOTT - LITHOSIL®, 

SCHOTT AG, Jena, Germany). The experiment was performed with a constant displacement 

rate of vd =dC/dt= 0.01 µm/s. The displacement ∆i was measured by using an inductive position 

encoder, where the force Fi was measured by a quartz sensor (for more details, see Ref [12]).The 

applied force Fi, as well as the displacement ∆i at the time ti, was measured permanently while 

loading the specimen. Therewith, the actual compliance Ci = ∆i/Fi was determined for any 

recorded data point. In Fig. 2, the force-displacement curve of the first loading cycle is shown. 

 

 

FIG 2: The relevant force-displacement curve range of the first loading cycle. The solid line was 

fitted by the data points in the force range of 17 N < F < 21 N. 
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At an applied force of almost 23.3 N, the device has unloaded automatically because the 

specimen compliance had changed more than the set value. After the partial unloading, the 

control system of the device is restarted manually. Pilot tests have shown that even when the set 

compliance value was increased by up to a factor of 2, the attained maximal force does not 

change within the experimental scatter of the data points. This can be explained by the fact that 

the crack velocity at those applied stress intensity factor is relatively high, and therefore the 

specimen compliance changes very quickly. The device has to unload very fast to avoid 

catastrophic failure. The solid line was obtained by linear regression of the data in the force 

range of 17 N < F < 21 N. To show the first visible change in specimen compliance, only the 

relevant range of the force-displacement curve is given in Fig. 2. The measured data starts to 

deviate remarkably from the straight-line fit at ~ 21.3 N, which indicates that crack propagation 

has been initiated. The change in compliance ∆Ci = Ci – C0 was calculated for any data set (Fi, 

∆i, ti), where C0 corresponds to the inverse of the slope of the straight-line fit in Fig. 2. Knowing 

the increase of compliance, the crack propagation li was calculated by solving numerically Eq 2 

with respect to the upper integration limit [6]. Thus, the crack propagation was calculated for 

every ti. The crack propagation of the second loading cycle (the first evaluated one of a series of 

cycles) is shown in Fig. 3. 

The crack velocity was determined by means of the fit function l+(t) for two neighbouring data 

points (i) and (i-1) by vi = (l+(ti)- l
+(ti-1))/(ti-ti-1). 

The applied stress intensity factor KI,i was computed through the applied force Fi and the 

corresponding crack length ai = a0 + l0 + li by using Eq 1 (see Appendix). By knowing the final 

crack propagation from the nth loading cycle ln, the lower integration limit (Eq 2) for the 

following loading cycle was taken as l0,n+1 = ln, and the next loading cycles were calculated 

accordingly. 
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FIG 3: The crack propagation l for the first evaluated loading cycle (the second cycle 

recorded). Here the time starting point is arbitrarily chosen. Every point is calculated by solving 

numerically Eq 2, and the results are fitted with the fit-relation 

211 )42(00406.0)999.0exp(101.4)(   tttl ( l+ in µm for t in s). 

 

In Fig. 4, the v-KI curves are shown. For the sake of clarity, only the first six loading cycles are 

presented by open circles. 

Wiederhorn and Bolz [10] have observed that the crack growth behaviour of glass in water is 

mainly dominated by the region I of crack growth. Furthermore, Wiederhorn [11] has 

demonstrated by measurements on soda-lime glass that the subcritical crack growth behaviour of 

glass in air is different than in water. In Fig. 4, the v-KI curves of fused silica published by 

Suratwala and Steele [15] are plotted as solid lines. They have investigated the influence of air 

humidity on the subcritical crack growth behaviour in fused silica using the double cantilever-

drilled compression method. It was shown that the crack velocity increases with the water vapour 

concentration in the atmosphere. Additionally, fused silica showed regions I, II and III of crack 

growth. The solid lines in Fig. 4 represent various PH2O ranging from 0.3 to 120 Pa at 25°C.  

The results of the present study (represented by open circles in Fig. 4) also show a region where 

the crack growth velocity is almost constant. Above an applied stress intensity factor of nearly 
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KI = 0.62 MPa√m, the crack velocity is a strongly increasing function of KI. It is remarkable that 

all loading cycles in this region exhibit an almost identical slope. In principle, any desired 

number of loading cycles can be performed as long as the crack propagates in a stable manner. 

 

 

FIG 4: The open circles represent the v-KI curves of the first six loading cycles. The 

corresponding force-displacement curve is shown schematically and the loading cycles are 

numbered accordingly. The experiments were performed in normal labour conditions. The solid 

lines are v-KI curves at 25°C at various PH2O ranging from 0.3 to 120 Pa published by Suratwala 

and Steele [15]. (From the differences of the presented curves representative for a larger number 

of curves, the reproducibility can be estimated as K<0.02 MPam and lg10(v)<0.1.) 
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Summary 

 

The subcritical crack growth behaviour of synthetic fused silica glass was investigated by using 

the SEVNB method. Because of the high stiffness of the loading device and the computer-aided 

control system, several loading cycles with stable crack growth were performed with one sample. 

Measuring online the specimen compliance, v-KI curves in the range of 10-7 < v < 10-5 m/s were 

determined. Hereby, the v-KI curve exhibits a region of almost constant crack velocity v, where v 

increases strongly at an applied stress intensity factor close to KI = 0.62 MP√m. In our opinion, 

the combination of a very stiff loading device combined with an online compliance 

measurement, which enables stable crack growth by a computer-aided control, is a major steep 

forward to a user-friendly very reliable subcritical crack growth measurement. 
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Appendix 

 

A major limitation that has to be considered in determining the fracture toughness KIc with the 

SEVNB method is the occurrence of a finite notch radius rN. The stress intensity factor formally 

computed by Eq 1, in the following abbreviated by K(1), postulates the existence of a crack of 

total length a = a0+l, i.e., this relation interprets the notch part as part of a crack.  
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In presence of a notch with length a0, the stress intensity factor for the crack emanating from the 

notch root having the length l is given by 
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From this relation, it becomes clear that for l larger than 1.5-2 rN, the true and the formally 

computed stress intensity factors agree [16]. 

For cracks with l < 1.5 rN, Eq 1 must lead to an overestimation when determining the fracture 

toughness by the assumption of a crack of total length a0+l. The magnitude of the notch effect 

depends on the notch radius rN and the crack length l in front of the notch. 

This means that for short precracks (l < rN), the applied force for crack growth must be much 

higher than that calculated by Eq 1 to compensate for the notch effect, which leads to a kind of 

“stress shielding” of the pre-crack. 

Damani et al. have shown that crack-like defects already exist ahead of the sharpened notch 

before the sample is mechanical loaded [17,18]. They discuss them as defects that are introduced 

while the sample is being notched and can be described by their initial pre-crack length l0, as 

shown schematically in Fig. 5. 

 

FIG 5: Schematic four-point bending setup without external mechanical load. The sample has a 

pre-crack length l0 in front of a notch with the length a0. 
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While the sample is loaded, the pre-crack length l0 extends by subcritical crack growth. The 

amount of overestimation caused by the notch effect is determined by l and the notch radius rN. 

The influence becomes insignificant when the pre-crack has propagated more than l*= l0 + 

∆l = 1.5 rN [16]. Because l0 is not known exactly, the influence of the finite notch root radius 

cannot be estimated accurately. Therefore, it is recommended that the prepared notch radius is as 

small as possible. Pilot tests on synthetic fused silica glass with different notch radii have shown 

that below a critical value of rc ≈ 12 µm the results were not influenced anymore by the notch 

radius. Because the prepared notch radius of the investigated specimen is below rc, the influence 

of the notch radius can be neglected in the presented measurement. Furthermore, the fracture 

toughness KIc of the investigated silica glass was determined by performing fast measurements 

(displacement ratio of v = 5 µm/s) with notch radii below 12 µm. The obtained fracture 

toughness is equal to KIc = 0.82 MPa√m, which matches very well with the value given in the 

literature [19]. Based on Eq A1 and the pilot test with different notch radii, a reasonable pre-

crack length of l0 = 15 µm can be assumed for a specimen with a notch radius of rN ≈ 12 µm. 

The increase in compliance including the influence of notch effect (∆CN) is given by [13]: 
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where l > l0.  

It has to be mentioned that for materials which exhibit an increasing fracture toughness, the R-

curve has also to be considered in order to calculate the correct crack length [3]. 
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