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Outline

Engineered Stress Profile (ESP) Glass and its development
- R-curves and crack stability
- Crack stability using compressive stresses
- Reduction to practice and possible uses

Crack initiation under indentation in Stressed Glass
- Fragmentation of glass
- Cracking under load, and load-unload
- Analysis of stress states under indenter
- Possible use of results



Crack Stability, R-Curves and Variability

Higher exponent=
higher Weibull modulus



Strength Variability in Resistance Fields





Engineered Stress Profile (ESP)

0.0

0.20

0.40

0.60

0.80

1.0

200 300 400 500 600 700 800

m=5
m=10
m=60

F
a

il
u

re
 P

ro
b

a
b

il
it

y

Applied Stress (MPa)

Characteristic
Strength, o

 applied /  o

0.40 0.60 0.80 1.00 1.20 1.40

60% of
Failure Stress

85% of
Failure Stress

• ESP glass cracks non-catastrophically 
prior to failure (provides warning!)

Science, 1996



Fragmentation in IE Glass

When a crack penetrates into central tension,
fragmentation can ensue 
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Stresses at Indentation Site
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P= Instantaneous Load
B= Strength of Blister field

Asymmetry:
Loading: P and B increase
Peak Load: P=Pmax, B=Bmax

Unloading: B=Bmax, P0



Superimposed Residual Stress
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Crack Initiation- Median and Radial

Median crack initiation controlled by  at , r=a
Radial cracks initiation controlled by at , r=a 

At peak load  

At complete unload, P=0, and we obtain
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Median crack initiation stress at peak load is ~ ½ of the radial crack initiation at unload



Fracture Surface Observations

Montage of images showing the fracture surface for a 24 hr., 450°C 
sample loaded monotonically to fracture. Bottom left is the fracture 

origin. The crack pops-in, propagates through the thickness, and then 
sweeps through the sample, from left to right. 



Continuously loading to failure-
Average load for different exchanges ~600 N

1. The average load to cause 
cracking during loading is 

approximately identical

Average stress to initiate median 
~420 MPa



Load-Unload Cracking loads are much lower

2. Load required to cause cracking during/after unload is highest for 
the smallest exchange times 

3. This load is much lower than the load to cause cracking during 
loading 



Conclusions

Crack stability, high strength and very low variability are possible by 
engineering stress profiles in materials

- Pressure switches

Indentation stress fields can be used to estimate crack initiation loads
under load, load-unload conditions

- Understanding of load dependence opens up design space for
pressure switch applications



Abstract

Crack Stability and Fracture Initiation in Chemically Tempered Glass
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Crack stability is usually observed in materials with pronounced R-curve 
behavior. However, crack stability can also be induced in ion-exchanged 
glasses by tailoring the residual stress profiles. This idea has led to the 

development of Engineered Stress Profile (ESP) glasses, and other 
laminated structures with similar behavior. Robert Cook’s contributions 

to these developments will be described. The high central tension in 
these glasses also leads to applications where fragmentation upon 

fracture is needed. The fracture initiation by loading the glasses with a 
Vicker’s indenter is described. By extending the Yoffe-Cook-Pharr 

analysis of stresses at the indentation site, a qualitative understanding 
of the load dependence of fracture initiation becomes possible. 
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