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Abstract
Since glass is brittle and thermally insulating, significant thermal stresses,
especially in larger components often lead to catastrophic failure. Our work
combines experimental measurement of glass thermomechanical failure, as well
as computational simulations of transient thermal stresses arising in precision
optical component used in fusion research. For the experimental work, we have
quenched our samples and correlated the critical temperature difference for
thermal shock with surface finish. We have estimated the heat transfer coefficient
and the depth of the strength controlling cracks on the edge of disk samples. We
have also carried out ring -on-ring biaxial strength tests to measure strength
degradation of BK7 disks after thermal shock. For the simulation work, we have
calculated thermal stress using both fin approximation and finite element analysis
of quenched BK7 disks. The effect of cooling fluid has been examined. To
examine the effects of size and glass properties, the radiative cooling processes of
BK7 and LHG8 plates are also discussed. We have compared the temperature and
thermal stress evolution of BK7 and LHG8 glass plates. Crack size evolution and
crack growth rate have been computed. We have used three approaches to
describe crack growth: the strength approach, the fracture toughness approach and
the slow crack growth approach. The effect of linear variation of surrounding
temperature and mitigation strategy are discussed. In this study we also examine
in detail the effects of crack geometry near an edge. In addition, we have
examined the thermal stresses induced by rinsing. Rinsing is a configuration in-
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between thermal shock and slow heating/cooling. The effects of rinsing
parameters have also been investigated, especially as they affect surface tensile
stresses.
The main conclusions are the critical temperature drop for catastrophic
failure is in the range 124 - 140 ºC for surface prepared by lapping with alumina
abrasives ranging in size from 5 μm to 40 μm. Samples with finer surface finish
have better thermal shock resistance. There is no obvious strength degradation for
BK7 glass disks and the retained strength depends on surface finish. Thermal
shock tests in silicone oil show there is significant difference for retained strength
after soaking in silicone oil which is evidence of chemical effect. The simulation
results of radiative cooling process of BK7 and LHG8 glass show that BK7 plate
is stronger than LHG8 plate and the maximum thermal stress occurs at the center
of long edge. In addition, linear variation of ambient temperature with time is
more detrimental than exponential decay. The mitigation strategy shows two
conductive layers work best to reduce the maximum thermal stresses. Slow crack
growth approach is used to calculate the crack size evolution. Stress intensity
factor of three dimensional corner cracks is simulated and arbitrary crack shape is
included. Our results show that even though initial crack fronts may have
different length scales, the stress intensity factor is largest at the shorter length
scale. The implication is that an edge crack eventually will grow to a quarter
circular crack shape. Piranha rinsing process is simulated and compared with
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Piranha rinsing. Thermal stress follows temperature profile with delay. According
to our simulation results water rinsing is more detrimental than Piranha rinsing.
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side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.18

The critical initial crack size of BK7 plates for case 1 of
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water rinsing.
Figure 7.19

The evolutions of temperature and stress for case 2 of
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water rinsing.
Figure 7.20

The thermal stresses at points with different distances from
bottom face for case 2 of water rinsing. Time = 49 min.
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Distance equals to 0 refers to natural convection (bottom)
side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.21

The critical initial crack size of BK7 plates for case 2 of
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water rinsing.
Figure 7.22

The evolutions of temperature and stress for case 3 of
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water rinsing.
Figure 7.23

The thermal stresses at points with different distances from
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bottom face for case 3 of water rinsing. Time = 49 min.
Distance equals to 0 refers to natural convection (bottom)
side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.24

The critical initial crack size of BK7 plates for case 3 of
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water rinsing.
Figure 7.25

The evolutions of temperature and stress for case 1 of
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sulfuric acid rinsing.
Figure 7.26

The thermal stresses at points with different distances from
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bottom face for case 1 of sulfuric acid rinsing. Time = 184
min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.27

The evolutions of temperature and stress for case 2 of
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sulfuric acid rinsing.
Figure 7.28

The thermal stresses at points with different distances from
bottom face for case 2 of sulfuric acid rinsing. Time = 49

179

27

Figure

Title

Page

min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.29

The evolutions of temperature and stress for case 3 of
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sulfuric acid rinsing.
Figure 7.30

The thermal stresses at points with different distances from
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bottom face for case 3 of sulfuric acid rinsing. Time = 49
min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.31

The evolutions of temperature and stress for case 1 of
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fused silica plates.
Figure 7.32

The thermal stresses at points with different distances from
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bottom face for case 1 of fused silica plates. Time = 180
min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.33

The evolutions of temperature and stress for case 2 of

184

fused silica plates.
Figure 7.34

The thermal stresses at points with different distances from
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bottom face for case 2 of fused silica plates. Time = 48
min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha
processed side.
Figure 7.35

The evolutions of temperature and stress for case 3 of
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fused silica plates.
Figure 7.36

The thermal stresses at points with different distances from
bottom face for case 3 of fused silica plates. Time = 48
min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha
processed side.
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Chapter 1
Introduction
Damage caused by thermal stress has long been considered as a matter of
concern to both manufacturers and users of brittle materials such as glasses [1].
Thermal stress is caused by an inhomogeneous temperature gradient during
heating or cooling process. Thermal stresses can be comprised of tensile stress,
which is stress arising from forces acting in opposite directions tending to pull a
material apart, and compressive stress, which is stress arising form forces acting
in opposite directions tending to push a material together. These tensile stresses
can lead to failure of the materials.
Thermal stress and thermal shock may be distinguished by the fact that in
thermal shock the thermal stresses are produced by transient inhomogeneous
temperature gradients, usually sudden ones [2]. For example, if a body originally
at one uniform temperature is suddenly immersed in a medium of different
temperature, a condition of thermal shock is introduced. The temperature
gradients that can be established in the thermal shock are much higher than those
that occur in the slow heating or cooling process. Thermal stress fractures always
start from some tiny imperfection in the glass edge because this acts to
concentrate the induced surface tensile stress [3]. These fractures are easily
identified as they run perpendicular to the glass edge at the location of the damage.
The Biot number is an important factor in determining the severity of the
thermal shock. It is a dimensionless number used in transient heat transfer
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calculations. It gives a simple index of the ratio of the heat transfer resistances
inside of and at the surface of a body. This ratio determines whether or not the
temperatures inside a body will vary significantly in space, while the body heats
or cools over time, from a thermal gradient applied to its surface. In general, Biot
numbers much smaller than 1 indicate that the temperature inside the body is
essentially uniform. Biot numbers much larger than 1 imply that there is a
temperature gradient within the object [4].
Glasses are model materials for basic studies of thermal-mechanical
properties since they show an almost ideal brittle behavior, are isotropic, and lack
volumetric defects such as grain boundaries, pores and inclusions [5]. BK7 optical
glass is a high quality optical glass used in precision lenses. No special handling
is required for BK7 optical glass so the cost is reduced. It is a relatively hard
material with extremely low bubble and inclusion content. Besides, BK7 provides
good transmittance through-out the visible and near infrared spectra and down to
350 nm in the ultraviolet. LHG-8 is one of the most widely used commercial
metaphosphate laser glasses. The flaw size of the laser glass plates increases the
threat of fracture due to increased tensile thermal stress. The fracture strength of
phosphate laser glasses is less than that for silicate counterparts by fracture
toughness measurements, about one half to two thirds.
Depending on the thermal conductivity of a component, its dimensions, and
the heat transfer coefficient induced at the surface by the cooling medium one
may have a state of “severe” thermal shock (in which case the surface tensile
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stresses depend only on the material’s thermomechanical properties), or “mild”
thermal shock (in which case the surface tensile stresses depend on the material’s
thermomechanical properties and the Biot number involving the cooling heat
transfer coefficient, the component’s size and its thermal conductivity). The heat
transfer coefficient itself depends on the nature of the flow between the
component and the cooling medium (forced or natural), the dimensions of the
component, and the cooling medium thermophysical properties (viscosity, density,
thermal diffusivity, and Prandtl number.)
Previous publications show some interesting results on thermal shock. Singh
et al. quenched series of rods of a soda-lime-silica glass and also a polycrystalline
alumina [6]. They observed a maximum of the critical temperature differential
with bath temperature for the glass rods quenched into silicon oil and a minimum
in critical temperature differential for the alumina rods quenched into water. The
temperature ranges of their experiments were between room temperature and
80ºC. O.Peitl et al. [1] compared thermal shock behavior of virgin borosilicate
glass with chemically treated borosilicate glass in terms of thermal resistance
subjected to a water quench. They found that the chemical treatment increased the
critical temperature difference for crack propagation as shown in Fig.1.1. They
also concluded that any edge effect did not affect their thermal shock experiments
because no alteration in the critical temperature difference was observed when the
type of extremity (sharp edged, rounded or thermally isolated) was modified.
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Fig.1.1 Comparative thermal shock behavior of virgin borosilicate glass
chemically treated borosilicate glass

and

subjected to a water quench [1].

Stress degradation was observed in the two early thermal shock studies of
technical aluminas by Ainsworth and Moore [7] and by Hasselman [8], and in
silicon carbides by Coppola and Bradt [9] in 1970’s. Since then, it was observed
in numerous other crystalline ceramics and glass systems. J. H. Lee et al. used ball
- on - 3- ball test to obtain the fracture strength of the alumina ceramics disks after
thermal shock [10]. They found the strength distribution could be divided into
three different regions as shown in Fig.1.2: region I (no change in initial strength
until temperature difference reached 220 ºC), region II (the average retained
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strength decreased gradually from 220 ºC to 270 ºC) and region III (the retained
strength of specimens critically degraded after 270 ºC).

Fig.1.2 Retained strengths after thermal shock test [10].

The Weibull plots of the retained strength of the region II for various thermal
shock temperature differences are shown in Fig.1.3. As shown in Fig.1.3 the
Weibull modulus was the highest and the range of the strength distribution was
very narrow when the temperature difference was the smallest (ΔT = 220 ºC), at
which the specimen was most slightly damaged. However, Weibull modulus
decreased to the smallest value and the range of strength distribution was the
widest when the temperature difference was increased to the medium value (ΔT =
240 ºC). Finally, Weibull modulus increased to the highest value again and also
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the range of strength distribution decreased to the narrowest again when the
temperature difference reached the critical value (ΔT = 270 ºC) at which the
specimen was assumed to be fully damaged by thermal shock.

Fig.1.3. Retained strength of thermal-shocked alumina ceramics for various
temperature differences [10].

M. Ashizuka et al. studied crack arrest under thermal shock conditions [11].
At that time, two approaches have been applied to thermal shock crack arrest. One
is the conversion of the stored elastic strain energy of the thermal stress field to
fracture surface energy, as advanced by Hasselman [12]. The other is a stress
intensity factor criterion of arrest when K1=K10 ， the arrest stress intensity,
advocated by Evans [13]. Although the arrest stress intensity may have particular
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advantage, it has serious drawbacks for thermal shock application. First, the stress
is transient and the flaw size c is also time dependent. Because the stress and the
flaw size are necessary to determine K1, the value of stress and flaw size must be
known precisely at any time. Second, the crack configurations are very complex
including the multiple cracks that result for the more extensive thermal shock
damage. Consequently, M. Ashizuka et al thought the energy-balance approach
was the most viable alternative at that time [11]. They examined the crack arrest
condition from an energy balance view point and described the general trend of
strength changes in the very early stages of thermal shock damage. However, their
explanation using energy balance concept contradicted with the usual method of
constructing the Weibull distribution for the new flaw population of the retained
strengths. Satisfactory explanations were missing.
A crack can propagate from an existing flaw at stresses less than the critical
stress value. This phenomenon is known as slow crack growth (SCG), stress
corrosion cracking or sub-critical crack growth [14-16]. The velocity of the
fracture can vary by many orders of magnitude from much less than 1 μm/min up
to many meters per second. Consequently the time of failure for a given glass can
vary by orders of magnitude. Suratwala et al. studied slow crack growth velocities
in phosphate glass having OH content less than 100 ppm [17]. The measured
crack growth velocities, when plotted as a function of stress intensity, have
regions I, II and III dependent on velocity [17, 18] as shown in Fig.1.4. Region I
refers to the condition when crack growth is reaction-rate limited and has a linear
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relation between log v and KI. In region II, the crack velocity is no longer reaction
– rate limited but instead becomes limited by mass diffusion of H2O to the crack
tip. The measured crack velocities in region II remain nearly constant with
increasing KI. In region III, the crack velocity becomes independent of the
chemical environment and is limited by the intrinsic toughness of the glass. The
data were analyzed using Wiederhorn’s reaction model for slow crack growth.
[17]. By fitting this model to the data, a set of empirical parameters were
developed that predicted slow crack growth over a range of temperatures, water
vapor pressures (i.e. humidity) and stress intensities.

Fig.1.4. Measured crack velocity (v) in LHG-8L (a low OH content glass) as a
function of stress intensity (KI) illustrating region I, II, and III slow crack growth
[17, 18].
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Finite element analysis is a useful tool to analyze stress and crack evolution.
The merit of numerical analysis is that once it has been verified by comparison to
real situations, it can deal with a large variety of parameters with the minimum of
further effort. Bao-Lin Wang et al. used finite element method to obtain the
solution of the transient temperature field in functionally graded materials (FGMs)
[19]. They found that the thermal shock resistance of the FGMs was significantly
enhanced by multiple cracking. That is, thermal shock resistance is a
monotonously increasing function of crack density, which is defined as the
number of cracks per unit length and it increases with decreasing crack spacing. In
the study of Ali O. Ayhan et al., the three dimensional enriched finite element
methodology was presented [20]. A general purpose finite element program,
FRAC3D, is enhanced for this capacity. Ayhan et al. found that enriched finite
elements allow accurate and efficient computation of fracture parameters such as
stress intensity factor for three dimensional cracks in FGMs. Their results showed
that the enriched elements are capable of capturing the detailed behavior of stress
intensity factors near the free surface by allowing prescription of zero stress
intensity factors at the free surface node, which is located on the crack front
termination point. We have used finite element analysis to simulate the stress
intensity factor of three dimensional corner cracks in an infinite body subjected to
tension and compared our results with references. Quarter circular cracks, quarter
elliptic cracks and irregular crack shapes are included in our simulations.
In our research, we consider three geometries as shown:
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The first geometry is that of a thin disk (diameter 19 mm, thickness 3mm) as
shown in FIG.1.5. This is the geometry we have used for our thermal shock and
stress degradation tests. For this geometry, we consider thermal stress evolution
according to infinite plate (thickness 2L), or according to a fin approximation
(radius a), or the approximate 2-D evaluation, or the FEA calculations. A numerical
calculation of the thermal stress allows the correlation of measured strength with
flaw size on the sample surface.

FIG.1.5 The first geometry.

The second geometry is that of large glass plates under radiative transient
cooling. The plates are 400*800 mm2 in areal extent, and 40- or 80- mm thick as
shown in FIG.1.6. This geometry allows the simulation of a transient heat transfer
coefficient and its effect on thermal stress generation.
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FIG.1.6 The second geometry.

The third geometry is that of thick glass plates cooled or heated via rinsing.
The plates are 470*430 mm2 and 100-mm thick as shown in FIG.1.7. The goal here
is to attain, under rinsing conditions, a configuration that is milder than a severe
thermal shock (which represents the most severely stressed configuration).

FIG.1.7 The third geometry.
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The goal of our work is to analyze the thermal stress fracture of optical
glasses. We have carried out thermal shock tests and distinguished “severe” and
“mild” thermal shocks using Biot number. The critical thermal shock temperature
drop is correlated to surface finish of optical glasses. Heat transfer coefficient is
calculated and the length of crack leading to fracture is estimated. Ring-on-ring
tests are carried out to measure the strength degradation. Weibull distribution is
used to analyze the fracture data. The effect of cooling fluid is also studied.
We use both finite element and fin approximation to calculate the
temperature and thermal stress in these quenched disks of BK7. The temperature
and thermal stress evolution are simulated of BK7 and LHG-8 plates during
radiative cooling. Crack size evolution and crack growth rate during cooling
process are also computed. The critical initial crack sizes are determined for
different cooling rates. Three approaches are proposed to describe thermal stress
fracture. Our work combines experimental and numerical approaches to address
thermal shock management, such as changing of mitigation strategy and linear
variation of the cooling temperature. We have also simulated the process of
rinsing, where conditions of severe thermal shock are to be avoided.
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Chapter 2
Thermal shock testing of lapped optical glass
2.1 Introduction
Ceramics and glasses are susceptible to thermal shock because of their low
resistance to fracture. Since the Biot number is an important factor in determining
the severity of the thermal shock, ceramics and glasses are generally expected to
behave differently under thermal shock conditions. Ceramics have higher thermal
conductivity, and hence lower Biot numbers, leading to conditions prone to mild
thermal shock. Glasses, on the other hand, have a low thermal conductivity, and
are thus liable to severe thermal shock.
Thermal shock can be measured in several ways. One approach is to measure
the temperature drop required in order to produce catastrophic fracture. When the
driving force for fracture reaches the material’s inherent resistance to fracture,
then fracture occurs. On the other hand, if a material is subjected to a temperature
drop smaller than a critical temperature drop, it will not fracture catastrophically.
Instead, cracks will grow in a controlled manner, reducing the strength of the
material. Thus, one can measure the strength degradation as a function of
temperature drop which is lower than critical temperature drop. We will discuss
the first approach in this section. We expect that a rougher surface will be more
prone to thermal shock fracture.
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2.2 Experiment and results
We use 40 samples of the borosilicate crown glass BK-7. The properties of
the glass are: Young’s modulus E = 81 GPa, Poisson’s ratio υ = 0.21, mass
density ρ = 2.51 * 103 kg/m3, thermal conductivity k = 1.1 W/m.K, heat capacity c
= 750 J/kg.K, coefficient of thermal expansion α = 7.1 * 10-6 K-1, fracture
toughness 0.82 ± 0.05 MPa.m1/2, Vickers hardness ( at 200 gf ) 6.8 ± 0.3 GPa,
Knoop hardness 5.2 GPa ( also at 200 gf ) [21].
Each sample is in the form of a thin disk (diameter 19 mm and thickness 3
mm.) The flat sample surfaces are double-sided ground. All 40 samples flat
surfaces are ground with 40 μm alumina. 30 samples are then finished with 20 μm
alumina, removing enough material so that any previous subsurface damage from
the previous grind was removed. 20 of those samples are then finished with 9 μm
alumina abrasive and, finally, 10 samples are finished with 5μm alumina
abrasives. All curved surface are eventually beveled at a radius by lapping with 5
μm alumina abrasives, in order to minimize any edge contributions to thermal
shock response.
Prior to thermal shock testing, we measure the surface microroughness in the
NewView-100 white light interferometer (Zygo Corp., Middlefield, CT). We
measure five specimens in each sample group, at five locations on each sample
flat surface. Table 2.1 shows the measured surface microroughness in the area
over 350 μm*260 μm. The objective is 20 X Mirau. The labels “remove spikes
on” and “removes spikes off” are available options in the digital processing of the
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microroughness images. Since individual pixels may have a high roughness value
(whether real or not), removing the spikes eliminates the high values, effectively
smoothing the digital image of the surface.

Table 2.1 Average surface micro roughness (µm) of BK7 optical glass. Shown are
average for values peak-to-valley (P-V) and root-mean-square (rms) surface
roughness.
5 µm finish

9 µm finish

20 µm finish

40 µm finish

P-V

rms

P-V

rms

P-V

rms

P-V

rms

34.0

0.56

35.0

0.68

37.0

1.41

86.7

2.65

±1.9

±0.01

±1.3

±0.06

±0.6

±0.13

±2.8

±0.12

6.81

0.52

9.55

0.63

24.5

1.35

68.0

2.47

±0.49

±0.01

±1.81

±0.06

±2.4

±0.14

±8.1

±0.17

remove
spike
off
remove
spike
on

For the thermal shock tests, the glass samples were heated to a high
temperature in an oven and then rapidly quenched in deionized iced water at 0 ºC.
The samples were dropped so that the large circular area was horizontal. The
required critical quenching temperature difference was previously estimated by
using sacrificial samples. The samples were heated for at least one hour in the
oven with temperature measured and recorded in Labview. The time between
removal from the oven and quenching was less than 3 seconds. A high-speed
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digital camera was used to record the occurrence of thermal shock fracture. The
critical quenching temperature drop ΔTc is shown in Table 2.2. Table 2.3 shows
the discrete value of critical temperature drop. Fracture originated at the sample
edge. Samples with finer surface finish exhibit a larger number of cracks as
shown in Fig.2.1.

Table 2.2 Critical thermal shock temperature ΔTc
ºC) for
( specimens with
different surface finish and microroughness. Averages and standard deviations for
5 samples in each group of surface finish.
5 µm

ΔTc (ºC)

9 µm

140.2±2.8

ΔTc (ºC)

20 µm ΔTc (ºC)

130.4±4.4

130.9±0.7

ΔTc (ºC)

40 µm

123.7±1.1

Table 2.3 Discrete value of critical temperature drop ΔTc (ºC).
ΔTc
40µm

(ºC)

ΔTc
20 µm

(ºC)

ΔTc
9 µm

(ºC)

ΔTc
5 µm

(ºC)

1

122

131

125

135

2

123

130

129

140

3

123.8

132

128

143.4

4

124.7

131.2

138.1

141.2

5

124.9

130.3

132

141.5

Average

123.7±1.1

130.9±0.7

130.4±4.4

140.2±2.8
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Fig.2.1 Cracked BK-7 disk samples (diameter 19 mm) after water quench with
various surface microroughness resulting from 40 µm, 20 µm, 9 µm and 5 µm
abrasive finishes. These images show that cracking originated at the disk edge.
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2.3 Discussion
2.3.1 Thermal stress
To correlate the measured critical temperature drop ΔTc with thermal stress
at fracture, we calculate the thermal stresses in a thin plate (thickness 2L, infinite
extent) which is initially at the uniform (high) temperature Tinit and at time t = 0 is
exposed to cooling medium described by the heat transfer coefficient h (W/m2.K)
and the (low) temperature Tsurr.
The transient temperature T (z, t) is calculated as an infinite series, with z = 0
at the plate center and z = ±L at the plate surface
∞
T(z, t ) − Tsurr
Dt
z
= ∑ C n exp(−ζ 2n 2 ) cos(ζ n )
Tinit − Tsurr
L
L
n =1

(2.1)

The thermal diffusivity D (units of m2/s) of the plate material is D = k/(ρc),
where k is the thermal conductivity (units W/m.K), ρ is the mass density (units
kg/m3), and c is the specific heat (units of J/kg.K). The coefficients
Cn =

4 sin ξ n
2 sin ξ n + sin( 2ξ n )

(2.2)

and ξ n (n = 1,2,…) are the roots of the equation ξ n tan ξ n = Bi. Bi is the Biot
number for the plate based on the half-thickness L
Bi = hL / k

(2.3)

The temperature is then converted to thermal stress. Because of the infinite
plate assumption, the stress is biaxial σxx (z, t) = σyy (z, t) =σ (z, t), and given by
equation 2.4 if the average temperature within the plate Tavg (t) is zero.
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σ( z , t ) = −

α * E * T ( z, t )
1− ν

(2.4)

where α is the linear coefficient of thermal expansion (units of 1/K). If the
average temperature is not zero, the thermal stress can be written as [22]:
σ( z, t ) = −

L
L
α * E * T ( z, t )
1
3* z
+
α
*
E
*
T
(
z
,
t
)
*
dz
+
α * E * T(z, t ) * z * dz
1− ν
2 * L(1 − ν) −∫L
2 * L3 (1 − ν) −∫L

(2.5)

The main features of the transient thermal stress distribution are as follows:
initially the temperature is uniform at Tinit and hence there is no thermal stress.
For long time, the temperature is again uniformly at Tsurr, and hence the plate is
stress free. The stress at the surface, then, reaches a maximum value σmax at some
intermediate time tmax.
The thermal stress calculations here assumed that the plate has finite
thickness (2L) but otherwise infinite extent, i.e. all stress variation is through
thickness, being tensile at the surfaces z = ±L, and compressive in the plate
interior. In reality, we have a more complex stress variation, which is expected to
be highest near the plate edge first making contact with the cooling medium.
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2.3.2 Estimate of Biot number and heat transfer coefficient
We estimate the cooling coefficient h by assuming forced external parallel
flow of the cooling medium at velocity U over the plate flat surface. For a given
cooling medium, we calculate the Reynolds number, then the Nusselt number
under laminar flow conditions, and finally the cooling coefficient h.
The Reynolds number is
Re(L extent ) = ρ f * U * L extent / µ f

(2.6)

where ρf is the cooling fluid mass density (units kg/m3), U the upstream fluid
velocity (units m/s), μf is the fluid viscosity (units Pa.s ) and Lextent the linear
extent of the plate (units m, eventually to be identified with the disk diameter).
Once the Reynolds number is computed, the Nusselt number is
Nu (L extent ) = h * L extent / k f

(2.7)

where h is the heat transfer coefficient (units W/m2.K) and kf the thermal
conductivity of the cooling medium (units W/m.K). For the case of forced
external parallel flow over an isothermal plate the correlation of the Reynolds
number Re (Lextent) with the Nusselt number Nu(Lextent) depends on whether the
flow is laminar or turbulent [23].
For laminar flow [23]:
Nu (L extent ) = 0.664 * Re(L extent )1 / 2 * Pr 1 / 3 , Re(L extent ) < 500,000, 0.6 ≤ Pr (2.8)

where Pr is the Prandtl number of the fluid. Pr number is the ratio of kinematic
viscosity to thermal diffusivity.
For mixed lamina-turbulent flow conditions, the correlation is [23]
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Nu (Lextent ) = (0.037 * Re (Lextent )4 / 5 − 871 ) * Pr1 / 3 , 500,000 < Re (Lextent ) < 108 , 0.6 ≤ Pr < 60

(2.9)
For completely turbulent fluid flow conditions over the whole length Lextent
of the plate, the correlation is [23]
Nu (L extent ) = 0.037 * Re(L extent ) 4 / 5 * Pr 1 / 3 , 500,000 < Re(L extent ) < 10 8 , 0.6 < Pr < 60 (2.10)

To show the effect of fluid properties, fluid velocity, and plate linear extent
Lextent on the applicable heat transfer coefficient, we consider three fluids: air, a
typical dielectric fluid used in cooling electronic components, and water as shown
in Table 2.4.
For air: viscosity 18.5 * 10-6 Pa.s, mass density 1.1614 kg/m3, Prandtl
number 0.707, thermal conductivity 0.0263 W/m.K. For a dielectric fluid [23]:
viscosity 1 * 10-3 Pa.s, mass density 1000 kg/m3, Prandtl number 25, thermal
conductivity 0.064 W/m.K. For water: viscosity 8.55 * 10-4 Pa.s, mass density
997 kg/m3, Prandtl number 5.83, thermal conductivity 0.613 W/m.K.
The fluid velocity U ranges from slow (1 cm/s), to medium (10 cm/s) to
faster (1 m/s). The plate linear extent Lextent varies from “laboratory-scale” extent
Lextent = 10 mm to an engineering “component-scale” extent Lextent = 0.1m. Table
2.4 shows the results of estimated heat transfer coefficient for these three cooling
media.
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Table 2.4 Estimate of Reynolds number, Nusselt number and heat transfer
coefficient h for three common media. Reynolds number and Nusselt number are
calculated based on the given linear dimension (assuming laminar flow over a flat
plate of the given linear dimension.) For all fluids we have used a film
temperature of 300K. For water the film temperature is 300 K or 350 K.

Plate linear

Cooling

Velocity

Velocity

Velocity

medium

U = 0.01m/s

U = 0.1m/s

U = 1m/s

(Re=6.3,Nu=1.5)

(Re=63,Nu=4.7)

(Re=630,Nu=15)

h = 4 W/m2K

h = 12 W/m2K

h = 40 W/m2K

(Re=100,Nu=20)

(Re=1000,Nu=61)

Air

dimension
Lextent=
0.01m
Dielectric

2

2

fluid

h = 120 W/m K

h = 390W/m K

Water at

(Re=120,Nu=13)

(Re=1200,Nu=41)

2

2

(Re=10000,Nu=190)
h=1250 W/m2K
(Re=12000,Nu=130)

300 K

h = 790 W/m K

h = 2500 W/m K

h=7900 W/m2K

Water at

h = 950 W/m2K

h =3000 W/m2K

h=9500 W/m2K

(Re=630,Nu=4.7)

(Re=630,Nu=15)

350 K
Plate linear

Air

2

dimension

h = 1.2 W/m K

2

h = 4 W/m K

(Re=6300,Nu=47)
h = 12 W/m2K

Lextent= 0.1m

Dielectric

(Re=1000,Nu=61)

fluid

h = 40 W/m2K

(Re=10000,Nu=190)
h = 120W/m2K

(Re=100000,
Nu=610)
h=390 W/m2K

Water at
300 K
Water at
350 K

(Re=1200,Nu=40)
2

h = 250 W/m K
2

h = 300 W/m K

(Re=12000,Nu=130)

(Re=120000,

2

Nu=410)

2

h = 2500 W/m2K

h = 790 W/m K
h = 950 W/m K

h = 3000 W/m2K
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Before estimating the heat transfer coefficient in our experiments, it is
important to review the assumptions we use. The correlations in equation (2.8),
(2.9) and (2.10) assumed that the cooled plate is isothermal. Clearly in our case
the temperature continuously changes with time. Therefore, the film temperature
also changes with time as cooling proceeds. However, this is not a strong effect:
for example, using U = 0.1 m/s and a plate linear extent of 0.1 m, for air at the
film temperature of 300 K the heat transfer coefficient is 790 W/m2.K, increasing
to about 950 W/m2.K at the film temperature of 350K. Besides, the heat transfer
coefficient is highest in the portion of the plate first making contact with the
cooling medium. Therefore, heat transfer during cooling by immersion produces a
heat transfer distribution that is non-uniform over the plate surface.
Considering the discussion above, now we can estimate the heat transfer
coefficient for our thermal shock experiments. Using a linear dimension of 19 mm
(our disk sample diameter), and a fluid velocity of 0.5 - 1 m/s (corresponding to
free fall over a few centimeters), we estimate the Reynolds number in the range
11,000 – 22,000, the Nusselt number in the range 120 – 180, and the cooling
coefficient h in the range 3,900 – 5,800 W/m2.K.

2.3.3 Estimate of strength – controlling flaw
The Biot number, based on the radius of our disk 9.5 mm, is then found to be
in the range 34 - 50. Therefore, we are in the “severe” thermal shock regime. The
maximum thermal stress is then estimated to be

53

σ max ~ ψ *

α * E * ∆TC
1− ν

(2.11)

where ψ is the numerical factor. The fracture criterion is
K app = K c = Ω * σ max * π * c

(2.12)

For an edge crack (similar to a scratch) of depth c, the geometrical factor Ω
is 1.122. (For a quarter-circular crack along an edge under tension the geometrical
factor Ω would be 0.804, see case 9.30 in Murakami. [24]) Combining equation
(2.11) and (2.12), we can estimate the actual depth of the strength-controlling
flaw along the disk edge where fracture originated as shown in equation (2.13)

c=

1 KC 1 − ν 2
(
)
π αE∆ΤC Ωψ

(2.13)

Using the measured values of ∆TC from Table 2.2, we find that the depth of
the flaw c is in the range 33 - 42 µm for the various lapped surfaces (33, 38, 39
and 42 µm corresponding to samples finished with 40, 20, 9 and 5 µm ,
respectively).

2.4 Conclusion
We have measured thermal shock resistance of the borosilicate glass BK-7
and its dependence on the finish of the ground surfaces exposed to thermal shock.
Our results show that higher surface roughness leads to lower thermal shock
resistance, as expected. For surfaces prepared by lapping with alumina abrasives
ranging in size from 5 µm to 40 µm , the critical temperature drop ΔTc for
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catastrophic failure is in the range 124 - 140 ºC. We have calculated the transient
temperature in a cooled disk, the transient thermal stresses, and estimate the
relevant heat transfer coefficient that determines the rate of temperature drop, i.e.
the severity of the thermal shock. By estimating the relevant heat transfer and
thermal stress conditions, we have concluded that “severe” thermal shock
conditions describe our thermal shock tests in BK-7, while most ceramics are
prone to “mild” shock because of their higher thermal conductivity. A fracture
mechanics analysis has shown that our measured critical temperature drop is
consistent with fracture originating at cracks whose depth was in the range 33 42 µm .
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Chapter 3
Thermal stress and post quench strength of lapped borosilicate glass
3.1 Introduction
As we discussed in the previous section, another way to measure thermal shock
resistance is to test the strength degradation (i.e. retained strength) as a function of
temperature drop which is lower than critical temperature drop. Previous research by J. H.
Lee showed stress degradation of the alumina ceramics disks after thermal shock [10].
However the research on BK7 glass is missing. In this section, we will use the ring-onring biaxial strength test to study the stress degradation of BK7 disc after thermal shock at
a temperature difference lower than critical temperature difference.
Three and four point bending tests have been generally used as the typical
measurement methods of the fracture strength for glasses and ceramics before and after
thermal shock tests [25, 26]. However, the strength of the specimens containing the
cracks along the tensional direction in bending test can not be exactly measured by these
methods [10]. The biaxial strength test has several advantages for measurement compared
with the uniaxial test method. First, both tangential and radial stresses are simultaneously
applied to the specimen in the biaxial measurement consequently more reliable fracture
strength can be obtained regardless of crack orientation. Second, the load is not applied to
the edge of the specimen in the biaxial strength test so that the edge failure can be
prevented.
Several simplifying assumptions are made in our analysis, for example that
thermomechanical properties are independent of temperature, that the heat transfer
coefficient is constant during quenching, that all of the sample surfaces are quenched at
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once, and the critical stress intensity under thermomechanical loads can be estimated
from the usual fracture toughness Kc.

3.2 Experimental and results
For strength degradation measurements, we use 64 samples of BK7 glass, with
groups of 16 samples finished with 40 µm, 20 µm, 9 µm, and 5 µm alumina abrasives.
Similarly finished samples are placed in the heating oven, heated for 30 min to a given
temperature ΔT (20, 50, and 80ºC) measured by Labview, and then quenched to iced
water. We also include a larger temperature drop in the range 100-130 ºC, i.e. a value
lower by 10-20 ºC than the previously measured critical temperature drop for catastrophic
failure.
For the strength tests, we use a ring-on-ring [27] set up about 5-10 minutes
following each quench test and under laboratory conditions of relative humidity. The
upper (loading) ring has a radius of a1 = 3 mm, and the lower (supporting) ring a radius of
a2 = 7.5 mm as shown in Fig.3.1. Loading is applied via an Instron machine as shown in
Fig.3.2, with data collection in Labview. A detailed finite element simulation
demonstrated that, for these dimensions, the state of stress on the tensile side and for
radial distances within the loading ring was indeed balanced biaxial tension, and in
excellent agreement with the usual ring-on-ring formula for the stresses [27]:
σ rr = σ θθ

3P
=
4π(2L) 2


 a2
2(1 + ν) ln
 a1


2

 a 2    a1
 + (1 − ν)  1 − 
 a    a 2






2

 
  (3.1)
 

57

with P the total load, 2L the thickness of the disk, ν the Poisson’s ratio, and a the radius
of the plate. The measured fracture load P was converted to strength using this equation.
The measured strengths are shown in Table 3.1.

Fig.3.1 Geometry (axis-symmetric) of ring-on-ring device.

Fig.3.2 Ring-on-ring device to measure retained strength of BK7 samples.
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Table 3.1 Critical thermal shock temperature drop ΔTc ºC)
( for specimens with different
surface finish and microroughness (last row), and the measured strength as a function of
surface finish and quenching temperature drop ΔT. In parenthesis is the number of
samples used for each condition.
ΔT

Strength,

ΔT

Strength,

ΔT

Strength,

ΔT

Strength,

(ºC)

MPa

(ºC)

MPa

(ºC)

MPa

(ºC)

MPa

20

5 µm

9 µm

20 µm

40 µm

finish

finish

finish

finish

90±17

20

(n=3)
50

101±9

96±13

50

ΔTc
(ºC)

119±37

80±7 (n=3)

20

102±9

62±18
(n=3)

50

78±1 (n=5)

50

71±4 (n=5)

80

83±5 (n=5)

80

57±8 (n=4)

110

82±11

100

75±8 (n=3)

(n=5)
80

(n=4)
130

20

(n=3)

(n=5)
80

92±5

106±5
(n=5)

120

105±6

(n=4)

(n=3)

(n=3)

Avg =

Avg =

Avg =

Avg =

101±17

101±8

81±14

66±11

140.2±2.8

130.4±4.4

130.9±0.7

123.7±1.1
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3.3 Discussion
3.3.1 Weibull distribution
Weibull distribution provides a procedure in the form of an interpretation of fracture
data based on extreme value distribution [28]. The distribution that governs the failure
probability Φ is
σ
Φ = 1 − exp[−( ) m ]
S

(3.2)

where σ is the fracture strength, S and m are scale and shape parameters. The parameters
S and m of the distribution function Φ are estimated from observations.
The method usually employed in the estimation is linear regression [29]. Linear
σ
regression method is based on transforming Eq. (3.2) into 1 − Φ = exp[−( ) m ] and taking
S

the double logarithms of both sides. Hence a linear regression model in the form Y = m X
+ r is obtained:
1
ln[ln(
)] = m * ln(σ) − m * ln(S)
1 − Φ (σ, S, m)

(3.3)

The measured failure stresses are ranked in increasing order and assigned a failure
probability Φ using:
Φ =n/N

(3.4)

where n is the rank and N is the total number of strength data. The slope is m and for lnln
[1 / 1-Φ] = 0, the ordinate is ln (S). Equation (3.4) can be solved graphically. The Weibull
plots illustrate the trend in failure probability as a function of stress. With Weibull
distribution, appropriate operating parameters can be assigned for brittle material on the
basis of fracture data from small samples.
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We used Weibull distribution to analyze our fracture strength data and plot the linear
regression for our BK7 samples of various surface finish as shown in Fig.3.3 – Fig.3.6.
Different symbols represent different temperature drop ΔTc. Last Delta T means the
temperature drop is about 10 ºC below critical temperature difference as shown in Table
3.1. No significant stress degradation is found after a temperature drop less than critical
temperature difference from Fig. 3.3 – Fig. 3.6.

Fig.3.3 Weibull distribution for 40 micron samples. Strength of 40 micron sample:
66.38±10.94 (MPa).
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Fig.3.4 Weibull distribution for 20 micron samples. Strength of 20 micron sample:
81.10±5.53 (MPa).

Fig.3.5 Weibull distribution for 9 micron samples. Strength of 9 micron sample:
101.7±8.09 (MPa).
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Fig.3.6 Weibull distribution for 5 micron samples. Strength of 5 micron sample:
99.49±17.19 (MPa).

3.3.2 Statistically analysis
Besides Weibull distribution, we have also analyzed our data statistically using
JMP.8. The retained strengths as a function of both temperature drop and surface
roughness are listed in Table 3.1. These data were analyzed using JMP 8. Fig. 3.7 shows
the ANalysis Of VAriance (ANOVA) of these data. ANOVA is useful for judging the
statistical significance of the factor and interaction effects observed [30]. The ANOVA
shows that the surface roughness is significant in determining the retained strength while
the temperature drop is not significant.
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Fig. 3.7 Variance and significance of retained strength.

Fig. 3.8 shows least square (LS) Means Plot. In Fig. 3.8, the plots of retained
strength show the decrease of retained strength with surface roughness as expected. Here
L represents the last temperature drop which is about 10 ºC below critical temperature
drop.

Fig. 3.8 LS Means Plot of retained strength vs temperature and surface roughness.
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3.3.3 Thermal stresses and fin approximation
In this section we calculate the transient temperature in a cooled disk, the transient
thermal stresses, using our estimate of the relevant heat transfer coefficient that
determines the rate of temperature drop, i.e. the severity of the thermal shock.
We calculated the transient temperature either using a fin-like approximation, or
using finite elements. In the fin-like approximation the temperature is averaged over the
disk thickness, and we derive the resulting transient temperature T(r, t) to be governed by
[23]:

∂2 T

1 ∂T h
ρc ∂T
+
−
(T
−
T
)
=
surr
k ∂t
∂r 2 r ∂r Lk

(3.5)

where t is time, h is the heat transfer coefficient at the surface, 2L the disk thickness, and
Tsurr the (constant) temperature of the cooling medium. With appropriate initial condition
and boundary conditions at the edge of the disk (here assumed to be convective cooling),
the temperature is determined in dimensionless form:
∞
T − Tsurr
k*t
r
= ∑ C n exp(−ξ 2n
) * J 0 (ξ n * )
2
Tinit − Tsurr n =1
r0
ρ * c * r0

(3.6)

where k is the thermal conductivity, ρ is density, c is the specific heat, t is the time, r0 is
the radius of the cylinder.

Cn =

J 1 (ξ n )
2
2
ξ n J 0 (ξ n ) + J 12 (ξ n )

(3.7)

and the discrete values of ξn are positive roots of the equation:
ξn

J 1 (ξ n )
= Bi
J 0 (ξ n )

(3.8)
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The quantities J1 and J0 are Bessel functions of the first kind. Using the results of
Timoshenko on thermal stresses in thin disks, we converted temperature to radial and
tangential stresses using equations as follows [22]:
σ rr = α * E * (

1
r0

σ θθ = α * E * (−T +

2

∫

r0

0

1
r0

2

T * r * dr −

∫

r0

0

1
r

T * r * dr +

∫

2

r

0

1
r

2

T * r * dr )

∫

r

0

T * r * dr )

(3.9)

(3.10)

For short times, the stresses are low, become maximum at an intermediate time, and
then decay to zero at longer times. We also used finite elements (brick elements) to
determine the transient temperature and thermal stresses. Fig. 3.9 shows the computed
maximum circumferential stresses using both ABAQUS and fin approximation at the
edge of the disk as a function of the Biot number Bi based on the disk radius a:
Bi = h a / k

(3.11)
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Fig. 3.9 The dependence of the maximum circumferential stresses at the edge of a
quenched disk on Biot number. The heat transfer coefficient is h, the disk radius is a, and
the thermal conductivity is k. Both finite element and fin approximations for the
temperature and thermal stresses are shown.

We observe that the analytical fin approximation underestimates the maximum edge
stresses. The surface tensile stress dependence on Biot number shows two main features
[31]. For small Biot numbers, say Bi < 0.3, the surface stress increases approximately
linearly with Biot number. Such a low Bi regime is referred to as “mild” thermal shock.
Here the thermal stress depends on the Biot number Bi, i.e. on the plate dimensions and
the material thermal conductivity k, as well as on the cooling coefficient h. On the other
hand, when the Biot number is sufficiently large, the maximum surface tensile stress does
not depend on the Biot number, and is then given by

67

σ(z = L, t max ) ~ α * E * (Tinit − Tsurr ) , for Bi > 50 - 100

(3.12)

In this case, the thermal shock is “severe”, much higher than that in the case of
“mild” shock, and now independent of plate dimensions, cooling medium properties, or
plate thermal conductivity.
In previous work, we had estimated the heat transfer coefficient h to be in the range
3,900-5,800 W/m2.K. The resulting Biot number is thus Bi = 34-50, and the resulting
maximum edge stresses
σ(z = L, t max ) ~ ψ * α * E * (Tinit − Tsurr )

(3.13)

where the dimensionless factor Ψ ~ 0.9 (see Fig.3.9). For such a value of the Biot number
Bi, our glass samples, because of their relatively low thermal conductivity, are practically
in the severe thermal shock range [31].
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3.3.4 The estimated temperature drop and SSD approximation
We examine the effect of the strength-controlling flaws on the measured critical
temperature drop ΔTc from the point of fracture mechanics. Since the thermal shocks led
to the catastrophic fracture of our disks, the stress intensity factor due to the applied
thermal stresses reaches the critical stress intensity Kc. Therefore, the fracture criterion is
K app = K c

(3.14)

with the applied thermal stress intensity factor Kapp given by
K app = Ω * σ max * π * c

(3.15)

for an edge crack (similar to a scratch) of depth c, where the geometrical factor Ω is
1.122. (For a quarter-circular crack along an edge under tension the geometrical factor Ω
would roughly be 0.8, see case 9.30 in Murakami. [24]) Combining equations (3.13),
(3.14), (3.15) we then estimate the critical temperature for thermal shock fracture

 1
Kc
∆Tc = 

 α*E* π*c  Ω*ψ

(3.16)

To estimate, therefore, the thermal shock temperature drop, we also need the depth
of surface cracks.
The depth of subsurface damage (SSD) is bound from above by twice the magnitude
of the P-V surface microroughness (when such measurement is available [32]), or by the
abrasive size last used on the surface [33] via
SSD < 2 * (abrasivesize, µm) 0.85

(3.17)

We can thus estimate subsurface damage in our disk samples, as shown in Table 3.2.
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Table 3.2 Estimates of subsurface damage (SSD) from P-V microroughness or abrasive
size.

Estimate of upper

40 µm

20 µm

9 µm

5 µm

abrasives

abrasives

abrasives

abrasives

SSD < 140 µm

SSD < 50 µm

SSD < 20 µm

SSD < 14 µm

SSD < 46 µm

SSD <26 µm

SSD < 13 µm

SSD < 8 µm

bound for SSD
from P-V
microroughness[32]
Bounds on SSD
from abrasive size
[33]

The subsurface damage (a statistical measure of crack depth into a ground surface) is
different from the depth c of the deepest flaw leading to fracture. SSD is reasonably
assumed to be the average crack depth [31]. Suratwala et al. have found that for fused
silica, the maximum crack depth roughly equals eight times the average crack depth [33].
Consequently the deepest flaw leading to fracture can be approximated from the abrasive
size.
Table 3.2 shows that the range of our estimated SSD is quite wide. By using
equation 3.17 we can now also estimate the actual depth of the strength-controlling flaw
along the disk edge where fracture originated. Using the measured value of critical
temperature drop from Table 3.1, we find that the depth of the flaw c is in the range 3342 µm for the various lapped surfaces. Although equation 3.16 does predict that rougher
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surfaces (larger c) have lower critical temperature drop ΔTc and the ΔTc is in the range
of 58 ºC to 139 ºC, our experimental results in Table 3.1 show that the measured
ΔTc
have a smaller range of variation, ranging from 123 ºC (for lapping with 40 µm alumina
abrasives) to 143ºC (for finishing with 5 µm abrasive.) A possible explanation for such
discrepancy is that the actual depth c of strength controlling flaws has a narrower
distribution among the finished surfaces than the upper bounds in Table 3.2 indicate.
Here notice that the estimates in Table 3.2 are for flat surfaces, but may not apply to the
intersection along an edge of two faces which have been lapped with different abrasives:
our disk samples had cylindrical sides that were lapped with 5 µm abrasives while the flat
surfaces were lapped with different abrasives [31]. One might expect a greater propensity
for cracking due to lapping along the edge where two surfaces intersect. This important
issue, i.e. crack growth perpendicular to an edge, will be examined in detail in Chapter 6.

3.4 Conclusion
We have measured post – quenching strength degradation of the borosilicate glass
BK-7. Weibull distribution is used to analyze our fracture data. According to the results
of ring-on-ring tests, there is no obvious strength degradation when the imposed
quenching temperature difference is less than the thermal shock value. This result is
similar to the one published, for example, by Peitl and Zanotto [1], who likewise observe
no strength degradation until the thermal shock value critical temperature drop is attained.
On the other hand, the measured retained strength (essentially independent of the
quenching temperature difference) depends on the surface finish. According to the results
of strength degradation tests, a rougher finish leads to lower strength. Notice that the
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effect of 5 and 9 μm abrasive finishes are similar. However, for rougher surface finish (20
and 40 μm) there is a marked drop in the strength. Statistical analysis (JMP) also
indicates that the surface roughness is more significant than temperature drop in
determining the retained strength. We have used both fin approximation and finite
element analysis to calculate temperature and thermal stress. We observe that the fin
approximation underestimates the maximum edge stresses. For small Biot number, the
surface stress increases with Biot number. For sufficiently large Biot number, the
maximum surface tensile stress does not depend on the Biot number. Our results show
that SSD can be estimated from the abrasive size and consequently the critical
temperature drop can be estimated.
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Chapter 4
Thermal stress and post silicone quench strength of lapped borosilicate
glass
4.1 Introduction
A common thermal shock configuration is for a component at an initially uniform
high temperature suddenly to be exposed to a cooling or rinsing medium at a lower
temperature. One such example is rinsing with a cool coolant of optical components
initially at a high temperature. The more rapid temperature decrease at the surface
induces a tensile stress, while the component’s interior is in a state of compression.
Kingery has discussed in detail the contributions of materials and cooling medium
properties on thermal shock [34, 35]. See also relevant figures of merit governing thermal
shock by Hasselman [36] and Wang and Singh [37].
The heat transfer coefficient varies with cooling medium. In our previous work, we
have estimated heat transfer coefficient h. For example, for a plate linear dimension Lextent
= 0.01m, the heat transfer coefficient is 4 W/m2.K, 120 W/m2.K, 790 W/m2.K and 950
W/m2.K respectively corresponding to the medium of air, dielectric fluid, water at 300 K
and water at 350 K when the velocity is 0.01m/s. The quenching medium affects the
thermal stresses strongly during cooling. M.Ashizuka et al. have quenched borosilicate
glass rods into distilled water and liquid N2 respectively [11]. They found a higher
retained stress in liquid N2 than in distilled water. For example, the retained stress is
168.8 MPa for borosilicate glass rods quenched in liquid N2 and 88.1 MPa for those
quenched in distilled water when temperature differential is 300 oC. A. G. Evans et al.
selected two quenching media (oil and water) for the study on thermal stress fracture in
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ceramic materials [13]. They compared not only the critical temperature but also the
critical time for crack propagation. They found that the critical temperature difference
was 248 oC and the critical time was 0.3s for the tests in oil. For tests in water, the critical
temperature difference was 120 oC and the crack propagation occurred in about 0.15 s.
In our preliminary research, we have discussed the water quench of lapped
borosilicate glass. In this chapter, we will extend our studies to silicone oil quench. The
goal of using these two coolants (water and silicone oil) is to achieve significantly
different heat transfer coefficient during cooling/rinsing. We report on measurements of
the strength of BK-7 components as a function of the surface roughness, amount of
temperature drop induced by the cooling/rinsing medium, and the cooling/rinsing fluid.
These measurements are useful in modeling cooling/rinsing of glass components.

4.2 Materials and experiment
We use more than 200 samples of the borosilicate crown glass BK-7. Of these
samples, approximately one-half were tested in water as shown in previous chapter and
the other half in silicone oil. The properties of BK-7 are: Young’s modulus E = 81 GPa,
Poisson ratio υ = 0.21, mass density ρ = 2,510 kg/m3, thermal conductivity k = 1.1
W/m.K, heat capacity c = 750 J / kg.K, coefficient of thermal expansion α = 7.1 E-6 K-1,
fracture toughness 0.82 ± 0.05 MPa.√m, Vickers hardness (at 200 gf) 6.8 ± 0.3 GPa,
Knoop hardness 5.2 GPa (also at 200 gf) [38].
All samples are thin disks (diameter 19 mm and thickness 3 mm.) The flat sample
surfaces are double-sided ground, with alumina abrasives of nominal size 40, 20, 9 and 5
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μm. Enough material is lapped to ensure that all subsurface damage from previous
lapping is removed. The edges of all samples are beveled with 5 μm abrasives.
The two coolants we used are water and the silicone oil Xiameter 5 cSt (Dow
Corning). Table 4.1 [38] shows the thermophysical properties of these two
cooling/rinsing fluids. The goal of using these two is to achieve significantly different
heat transfer coefficient during cooling/rinsing.

Table 4.1. Thermophysical properties of cooling/rinsing fluids. Reynolds number Re,
Nusselt number Nu, and average heat transfer coefficient h are estimated for a flat plate
of length 0.1 m, upstream fluid velocity 1 m/s, using a laminar flow correlation. The heat
transfer coefficient is indicative of the severity of the thermal shock via the Biot number
Bi = h*L / k, k being the thermal conductivity of the BK-7 glass and L the size of the
sample. The heat transfer coefficient increases in proportion to√(velocity), and decrease
inversely with √(sample size).

Silicone

Density

Viscosity

Thermal

Heat capacity

Pr =

Re@

Nu

h

ρ, kg/m3

μ,

Conductivity

cp, J/Kg.K

υ/α

1m/s

flat

W/m2

Pa.s

kf, W/m.K

L = 0.1 m

plate

.K

910

4.6 E-3

0.14

1400

45

20000

330

460

998

1.0 E-3

0.60

4180

7.0

100000

400

2400

988

0.55E-3

0.64

4180

3.6

180000

430

2800

oil
H2O@
20ºC
H2O@
0ºC
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Prior to thermal shock testing, we measure the surface microroughness in the
NewView-100 white light interferometer (Zygo Corp., Middlefield, CT). Table 4.2 shows
the measured surface microroughness.
We have performed four groups of measurements. In the first group, we measured
the strength of lapped disks under ambient conditions of temperature and relative
humidity. In the second group, we measured the strength, under ambient conditions, of
lapped disks that had been previously soaked for about 8 hours in the silicone oil. After
removing from the silicone bath (held at RT), the sample surface was wiped clean just
before the strength measurement. We refer to these measurements as “strength after
soak”. Comparison of the results from these experiments reveals the contribution of the
cooling fluid on the strength and fracture toughness of the glass. There is no thermal
shock in these two groups of experiments.
In the third group of measurements, we quenched in iced water glass disks that had
been heated to ΔT for 30 min in an oven as shown in previous chapter. In the fourth
group, we quenched in silicone oil disks that had been similarly heated in the oven. The
third and fourth types of experiments reveal the contribution of the heat transfer
coefficient in the stresses that may reduce the measured strength of the glass. These are
the thermal shock experiments. Clearly, when the temperature drop ΔT is high, the
samples fracture when quenched. As discussed in Chapter 2, fracture also originated at
the sample edge for silicone quench. Samples with finer surface finish exhibit a larger
critical temperature drop.
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Fig.4.1 Cracked BK-7 disk samples (diameter 19 mm) after silicone oil quench with
various surface microroughness resulting from 40 µm, 20 µm, 9 µm and 5 µm abrasive
finishes. These images show that cracking originated at the disk edge.

For the strength tests, we used a ring-on-ring [27] set up about 5 - 10 min following
each quench test and under laboratory conditions of relative humidity. The state of stress
on the tensile side and for radial distances within the loading is balanced biaxial tension.
The upper (loading) ring has a radius of a1 = 3 mm, and the lower (supporting) ring a
radius of a2 = 7.5 mm as shown in previous chapter. Loading is applied via an Instron
machine with data collection in Labview. Within the loading ring the disk is in balanced
biaxial tension, with the stresses given by [27]
σ rr = σ θθ

3P
=
4π(2L) 2


 a2
2(1 + ν) ln
 a1


2

a   a
 + (1 − ν) 2  1 −  1
 a    a 2






2

 

 

(4.1)
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with P the total load, 2L the thickness of the disk, ν the Poisson’s ratio, and a the radius
of the plate. The measured fracture load P was converted to strength using this result.
Table 4.2 shows the measured strength of BK7 samples following cooling by indicated
ΔT in silicone oil or water kept at 0 ºC. For silicone oil quench, the samples with finer
surface finish have better thermal shock resistance as water quench. The critical
temperature drop ΔTc is larger for silicone oil quench than water quench.
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Table 4.2. The measured strengths (MPa) of BK-7 samples following cooing by the
indicated ΔT in silicone oil or water kept at 0ºC. The samples are disks of diameter 19
mm and thickness 3 mm. The edges are beveled.
Strength, MPa

Lapped w/40

Lapped w/20

Lapped w/9

Lapped w/5

μm

μm

μm

μm

Surface

P-V 68 μm

P-V 25 μm

P-V 9.6 μm

P-V 6.8 μm

roughness , μm

rms 2.5 μm

rms 1.4 μm

rms 0.6 μm

rms 0.5 μm

Strength at ambient

64±9 MPa

84±7 MPa

92±6 MPa

122±12 MPa

110±11 MPa

143±14 MPa

141±15 MPa

ΔT=160 ºC

110±27 MPa

145±13 MPa

172±18 MPa

200±28 MPa

ΔT=180 ºC

112±15 MPa

158±14 MPa

197±19 MPa

ΔT=200 ºC

110±12 MPa

172±17 MPa

185±16 MPa

conditions
COOLING IN
SILICONE OIL
Strength after soak
in silicone oil

137±18 MPa

(1 of 5
shocked)
ΔT=220 ºC

3 of 7 shocked 2 of 4 shocked

ΔT=240 ºC

---

---

All shocked

---

ΔT=250 ºC

All shocked

COOLING IN
H2 O
ΔT=20 ºC

62±18 MPa

80±7 MPa

92±5 MPa

90±17 MPa

ΔT=130 ºC

75±8 MPa

82±11 MPa

105±6 MPa

119±37 MPa

ΔTc for thermal

ΔTc=124±1

ΔTc=131±1

ΔTc=130±5

ΔTc=140±3

shock in H2O

ºC

ºC

ºC

ºC
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A finite element simulation has been carried out to predict the effect of the heat
transfer coefficient on the generated thermal stresses, as well as to identify the location of
highest thermal stress. Fig. 4.2 shows the maximum possible stresses, occurring at some
time after the cooling has started.

σmax/(E*α*ΔT/(1-v))

1.00
0.80
0.60

Center

0.40

Edge

0.20
0.00
0.10

1.00

10.00

100.00

Biot number Bi

Fig.4.2 Predicted maximum thermal stresses as a function of the Biot number. The
stresses are computed, using finite elements, at the center of the disk flat face, or at the
curved edge. Δ T is the temperature through which the disk is cooled with a convective
heat transfer coefficient h. The Biot number is calculated based on the sample thickness
(3mm.) Thus, a Biot number of 10 corresponds to a heat transfer coefficient of 3670
W/m2.K. In the analysis, we have assumed the heat transfer coefficient is constant and
uniform on the sample surface, and that the glass properties are independent of
temperature.
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4.3 Conclusion
We have extended our studies to silicone oil quench and investigated the effect of
quenching medium. The goal of using another quenching medium (silicone oil) is to
achieve significantly different heat transfer coefficients during cooling/rinsing. Our
results indicate that there is a significant difference in the strength of BK-7 measured in
ambient conditions compared to after soaking in silicone oil which shows evidence of
chemical effects on fracture toughness and strength. For example, for glass ground with
20 μm abrasives, the ambient strength is 84±7 MPa, while it is 143±14 MPa after soaking
in silicone oil.
We also observe a strong dependence of the strength on surface finish. The strength
varies from 64±9 MPa to 122±12 MPa for samples lapped with 40 μm and 5 μm,
respectively.
There is little strength degradation when the quenching temperature difference ΔT is
varied. For example, the strength is about 110 MPa for samples lapped with 40 μm
abrasives and measured in air after soaking in silicone or samples quenched in silicone to
temperature ΔT in the range 160-200 ºC and subsequently measured. Similar conclusions
may be drawn for the samples lapped with the finer abrasives.
A finite element simulation also has been carried out to predict the effect of the heat
transfer coefficient on the generated thermal stresses, as well as to identify the location of
highest thermal stress. Fig. 4.2 shows the maximum possible stresses, occurring at some
time after the cooling has started. These results indicate that for a typical heat transfer
scenario, the curved edge of the disk is more heavily stressed than the flat face and the
maximum thermal stresses occur some time after the cooling starts.
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Chapter 5
Radiative cooling of brittle plates
5.1 Introduction
In quenching cooling process the heat transfer coefficient is assumed to be constant.
In this section, we will discuss radiative cooling process during which the heat transfer
coefficient changes with surrounding temperature. We have simulated the temperature
and thermal stress evolution for glass plates and analyzed the effect of cooling rate on
crack growth. Crack size evolution and crack growth rate are also computed. Three
approaches are proposed to describe the thermal stress fracture: strength approach, the
fracture toughness approach, and the slow crack growth approach. Linear decay of the
ambient temperature is simulated and compared with exponential decay. Mitigation
strategy is employed to reduce the maximum thermal stress.
The cooling process is described as follows: We have glass plates in a furnace which
is in vacuum and ramp over 4 hours to 200 ºC. The furnace is kept at 200 ºC for 12 hours.
After that the glass is coated over 8 hours at 200 ºC. Then the heaters are off over 4 hours.
The glass plates are left in vacuum for 8 hours and cooling down to room temperature.
The glass plates are subjected to radiative cooling. Because the boundary condition for
radiative cooling is not linear, for simplification, we linearize the surface constitutive law
by using an applicable heat transfer coefficient which will be described in detail in the
following section. In this case, the heat transfer coefficient changes with ambient
temperature during radiative cooling process.
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5.2 Simulation
The crack growth in brittle glass plates of BK7 borosilicate crown and LHG8
phosphate glass during slowly cooling in vacuum from 473 K to room temperature are
studied using ABAQUS. Both BK7 and LHG8 plates have an areal extent of 800*400
mm2. The BK7 plates are 80 mm thick. The LHG8 plates are 40 mm thick. The plates are
initially in an oven at a uniform temperature of 473K. Then all six sides of the plates
undergo radiative cooling into an ambient whose temperature decays exponentially with a
time constant τ that varies from minutes to hours. The eventual room temperature is also
taken as uniform. The material properties of BK7 and LHG8 plates [39] are listed in
Table 5.1:
Table 5.1 Material properties of the two glasses studied.
Property and units

BK7

LHG8

Density ρ, kg/m3

2510

2830

Heat capacity cp, J/kg.K

858

750

Thermal conductivity k, W/m.K

1.114

0.58

Thermal diffusivity D, m2/s

5.2 E-7

2.7E-7

Young’s modulus E, GPa

82

50

Poisson ratio υ

0.21

0.26

CTE α, K-1

8.3E-6

12.7E-6

Fracture toughness Kc, MPa√m

0.82

0.43-0.51

Fracture strength, MPa (assumes

59

31-36

19

10-12

13

7-8

6.8±0.3

3.4

scratch a =50 μm deep)
Fracture strength, MPa (assumes
scratch a =500 μm deep)
Fracture strength, MPa (assumes
scratch a 1000 μm deep)
Hardness, GPa
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In Table 5.1 we calculated the fracture strength for the BK7 and LHG8 plates,
assuming different sizes (50 μm, 500 μm or 1000 μm) of initial flaw size into the surface.
The fracture strength for a surface flaw is given by
σF =

KC
1.112 πa

(5.1)

where a is the flaw depth in to the surface. Here the factor 1.112 is due to the presence of
a scratch-like surface crack of depth a.
ABAQUS is used to simulate the stress and temperature evolution for each ambient
temperature decay time constant τ of both BK7 and LHG8 plates. Three dimensional
linear brick elements were used to model the plates. LHG8 plates have an areal extent of
800*400 mm2, 40mm thick. BK7 plates have an areal extent of 800*400 mm2, 80 mm
thick. 25600 elements were used for both BK7 and LHG8 plates during simulation.
Convergence testing was conducted to make sure that the calculated stress and
temperature do not depend on the mesh size of the FEM model. The finite element
meshes are shown in Fig.5.1 and Fig.5.2.

Fig.5.1 Finite element meshes for BK7. Fig.5.2 Finite element meshes for LHG8.
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The boundary condition for radiative cooling is:
4
q[ W / m 2 ] = σ B (T 4 − Tamb
)

(5.2)

where σB is the Boltzmann constant 5.67*10-8 W/(m2.K4), T is the absolute temperature at
the glass surface, and Tamb is the temperature of the surroundings. Tamb evolves as follows:
Tamb ( t ) = 293 + 180 * exp(− t / τ)

(5.3)

where τ is the time decay constant for the ambient temperature. For simplification, we
linearize the boundary condition as shown below by using an applicable heat transfer
coefficient heff. All six edges are subjected to the radiative cooling boundary condition
shown below [40]:
4
3
q[ W / m 2 ] = σ B (T 4 − Tamb
) = 4σ B Tamb
(T − Tamb ) = h eff (T − Tamb )

(5.4)

3
where h eff = 4σ B Tamb
. The initial condition is:

T ( x , y, z, t = 0) = 473K

(5.5)

The temperature is governed by the time dependent 3-D conduction equation. Once
the temperature is determined, the thermal stress can be calculated by ABAQUS.
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5.3 Temperature and thermal stress evolution
Firstly, we compare the evolution of temperature at the center of the long edge for
BK7 and LHG8 plates as shown in Fig.5.3 - Fig.5.7. We observe that the surface
temperature in LHG8 decays more rapidly than BK7 for decay time constant of 600s and
1hr. However, the surface temperatures for decay constant of 4hrs, 6hrs and 16 hrs are
very similar for BK7 and LHG8 plates.

Temp evolution @ edge (600s)
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Fig. 5.3 The evolution of temperature at edge of BK7 and LHG8 plates for τ = 600 s.
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Temp evolution @ edge (1 hr)
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Fig. 5.4 The evolution of temperature at edge of BK7 and LHG8 plates for τ = 1 hour.

Temp evolution @ edge (4 hrs)
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Fig. 5.5 The evolution of temperature at edge of BK7 and LHG8 plates for τ = 4 hours.
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Temp evolution @ edge (6 hrs)
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Fig. 5.6 The evolution of temperature at edge of BK7 and LHG8 plates for τ = 6 hours.
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Fig. 5.7 The evolution of temperature at edge of BK7 and LHG8 plates for τ = 16 hours.
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We also compare the evolution of stress at the center of the long edge for BK7 and
LHG8 plates as shown in Fig.5.8 - Fig.5.12. It is important to note some stress evolution
features. At early times, the temperature is high but mostly uniform, so the thermal stress
is small. For long times, the temperature is low and again mostly uniform, so the thermal
stress is also low. Consequently, thermal stress becomes largest at some intermediate
time.
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Fig. 5.8 The evolution of stress at edge of BK7 and LHG8 plates for τ = 600 s.
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Stress evolution @ edge (1 hr)
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Fig. 5.9 The evolution of stress at edge of BK7 and LHG8 plates for τ = 1 hour.
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Fig. 5.10 The evolution of stress at edge of BK7 and LHG8 plates for τ = 4 hours.
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Stress evolution @ edge (6 hrs)
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Fig. 5.11 The evolution of stress at edge of BK7 and LHG8 plates for τ = 6 hours.
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Fig. 5.12 The evolution of stress at edge of BK7 and LHG8 plates for τ = 16 hours.
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Then we compare the maximum principal stress at the center of the long edge of
BK7 and LHG8 plates for each τ as shown in Fig.5.13. We observe that the maximum
principal stress is larger for BK7 plates than LHG8 plates.
Sigmax for BK7 and LHG8

max stress, MPa

20
16
12

BK7
LHG8

8
4
0
100

1000

10000

100000

tau, s

Fig 5.13 σmax for BK7 and LHG8 plates at each τ.

Fig.5.14 shows the tmax which is the time when maximum principal stress occurs at
the center of the long edge of BK7 and LHG8 plates for different τ. tmax increases with
the decay time constant. For BK7 plates, tmax is larger than the one of LHG8 plates.
Fig.5.15 shows the temperature at the midpoint of long edge when principal stresses
reaches their maximum value. The temperature increases with τ for decay time constants
larger than 1hour.
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Fig. 5.14 tmax of BK7 and LHG8 plates.
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Fig. 5.15 Temperature at critical temperature for BK7 and LHG8.
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5.4 Linear variation of ambient temperature
The rate of change of surrounding temperature plays a very important role in the
thermal stress evolution. In the previous studies, we have studied the cooling rate effect
on the critical initial size of glass plates. We have calculated the temperature and thermal
stress with different time delay constants τ of 10 minutes, 1 hour, 4 hours, 6 hours and 16
hours respectively. But the change of surrounding temperature in all cases follows an
exponential curve in previous studies. The expression we used for the surrounding
temperature in our previous study is
Tamb ( t ) = 293 + 180 * exp(− t / τ)

(5.6)

where Tamb is the surrounding temperature, τ is the time delay constant for the ambient
temperature.
We have also studied the linear changes for temperature of surroundings. We have
changed the ambient temperature linearly from 473 K to 293 K in 10 minutes, 1 hour, 4
hours, 6 hours and 16 hours. We have compared the new results of thermal stress and
crack evolution under linear changes of surrounding temperature with the previous results
under exponential changes of ambient temperature. We expect that a linear temperature
evolution of surrounding is more detrimental in the development of thermal shock, but
also expect that any actual temperature profile will likely be between an exponential and
linear decay.
Figure 5.16 shows the evolution of ambient temperature of both linear variation and
exponential decay for tau = 600 s. Figure 5.17 exhibits the thermal stress evolution at mid
point of long edge for BK7 plates. As Figure 5.17 shows the maximum stress increases
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from 18.37 MPa to 18.40 MPa if it changes from exponential decay to linear variation
which is 0.2 % increase.

E x ponent ial dec ay v s linear v ariat ion
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Fig. 5.16 Surrounding temperature of linear variation and exponential decay for tau = 600
s.
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Fig. 5.17 Stress evolutions for the mid point of long edge of BK7 plates for tau = 600 s.

Figure 5.18 shows the evolution of ambient temperature of both linear variation and
exponential decay for tau = 1 hour. Figure 5.19 exhibits the thermal stress evolution at
mid point of long edge for BK7 plates. As Figure 5.19 shows the maximum stress
increases from 16.3 MPa to 18.04 MPa if it changes from exponential decay to linear
variation which is 10.7 % increase. The difference of maximum thermal stresses between
linear variation and exponential decay becomes larger with increasing tau.
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FIG. 5.18 Surrounding temperature of linear variation and exponential decay for tau = 1
hour.

E x ponent ial dec ay v s linear v ariat ion
( t au = 1hr )

s tres s (MPa)

20
15

linear
v ariat ion

10

ex ponent ial
dec ay

5
0
0

2000

4000

6000

8000

t ime (s )

FIG. 5.19 Stress evolutions for the mid point of long edge of BK7 plates for tau = 1 hour.
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Figure 5.20 shows the evolution of ambient temperature of both linear variation and
exponential decay for tau = 4 hours. Figure 5.21 exhibits the thermal stress evolution at
mid point of long edge for BK7 plates. As Figure 5.21 shows the maximum stress
increases from 9.55 MPa to 13.7 MPa if it changes from exponential decay to linear
variation which is 43.5 % increase.
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FIG. 5.20 Surrounding temperature of linear variation and exponential decay for tau = 4
hours.
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FIG. 5.21 Stress evolutions for the mid point of long edge of BK7 plates for tau = 4 hours.

Figure 5.22 shows the evolution of ambient temperature of both linear variation and
exponential decay for tau = 6 hours. Figure 5.23 exhibits the thermal stress evolution at
mid point of long edge for BK7 plates. As Figure 5.23 shows the maximum stress
increases from 7.4 MPa to 11.1 MPa if it changes from exponential decay to linear
variation which is 50 % increase.
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FIG. 5.22 Surrounding temperature of linear variation and exponential decay for tau = 6
hours.
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FIG. 5.23 Stress evolutions for the mid point of long edge of BK7 plates for tau = 6 hours.

Figure 5.24 shows the evolution of ambient temperature of both linear variation and
exponential decay for tau = 16 hours. Figure 5.25 exhibits the thermal stress evolution at
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mid point of long edge for BK7 plates. As Figure 5.25 shows the maximum stress
increases from 3.49 MPa to 5.42 MPa if it changes from exponential decay to linear
variation which is 55.3 % increase.
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FIG. 5.24 Surrounding temperature of linear variation and exponential decay for tau = 16
hours.
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FIG. 5.25 Stress evolutions for the mid point of long edge of BK7 plates for tau = 16
hours.

5.5 Mitigation strategy
5.5.1 Introduction
To improve the thermal shock resistance of BK7 and LHG8 glass plates, reducing
thermal stress is necessary. Previous results using finite elements show that the edges of
the plates are most highly stressed. So we need to reduce the temperature gradient
especially at the edge to improve the thermal resistance of glass plates. We have studied
the effect of thickness and cooling rate on the thermal resistance of glass plates. For
example, if the thickness of LHG8 plate is reduced from 80 mm to 40mm, thermal stress
will be reduced from 4 MPa to less than 2 MPa when cooling rate time constant is 16
hours. If the cooling rate constant increases from 4 hours to 16 hours, the thermal stress
will be reduced from more than 10 MPa to 4 MPa for an 80 mm - thick LHG-8 glass
plates. But we have not tried adding a conductive layer to the surface of glass plates to
reduce their thermal stresses. When glass plates are cooled, the temperature gradient will
cause thermal stresses. If we add a conductive layer as shown in FIG.5.26, we can spread
the temperature more evenly and mitigate the temperature gradation at the edge.
Consequently the thermal stresses should be reduced.
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FIG.5.26 Configuration for mitigation strategy.
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5.5.2 The boundary condition
Equation (5.7) shows the boundary condition for glass plates without conductive
layers.
k*

dT
+ h * (T − Tamb ( t )) = 0
dn

(5.7)

According to the previous results, the maximum value of heat transfer coefficient
during radiative cooling process is about 24 W/m2.K. If we add a conductive layer which
is very conductive and there is very small gap between the conductive layer and the glass
plates, the heat transfer coefficient h becomes very small and the term h * (T − Tamb ( t ))
can be negligible. The boundary condition for the face with a very conductive and close
by layer is
k*

dT
=0
dn

(5.8)

Consequently, for faces with very conductive and close layers the boundary
condition becomes
T = T a m b (t)

(5.9)

Now we have two different boundary conditions. Equation (5.7) is for glass plates with
no layers. Equation (5.8) and (5.9) are for glass plates with very conductive and close
layers.
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5.5.3 The simulation results
We have simulated the radiative progress of LHG8 and BK7 plates with different
time delay constant tau which equals 1hour, 4 hours and 6 hours respectively. We have
compared the results of maximum thermal stress of no conductive layer, one conductive
layer, two conductive layers and five conductive layers. We have found the location of
the maximum thermal stress and investigated the effect of these conductive layers.

5.5.3.1 The simulation results of LHG8 plates
(a) The simulation results of tau = 1 hour
FIG.5.27 shows the maximum thermal stress of LHG8 plates during radiative
cooling with out conductive layers is about 12.7 MPa with tau = 1 hour. The boundary
conditions for all six faces are as shown in Equation (5.7).

FIG.5.27 The maximum thermal stress of LHG8 plates without conductive layer for tau =
1 hour.

Figure 5.28 shows the maximum thermal stress of LHG8 plates during radiative
cooling with one very conductive and close layer above top face with tau = 1 hour. With
this conductive layer, the maximum thermal stress which appears at the middle point of
long edge on the bottom face is about 10.9 MPa as shown in Fig.5.28. We also listed the
thermal stress at the mid point of short edges of bottom face and also at the mid point of
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edges on the top face to make sure the maximum thermal stresses are located. So the
maximum thermal stress is reduced about 14.1 % with one very conductive and close
layer for tau = 1 hour.
The boundary conditions for top face and other five faces are as shown in Equation
(5.9) and Equation (5.7) respectively.

FIG.5.28 The maximum thermal stress of LHG8 plates with one conductive layer for tau
= 1 hour.

FIG.5.29 shows the maximum thermal stress of LHG8 plates during radiative
cooling with two very conductive layers with tau = 1 hour. With these two conductive
layers, the maximum thermal stresses which appear in the middle line on the top and
bottom faces are about 9.5 MPa as shown in FIG.5.29. We have plotted the thermal stress
distribution along the middle line as shown in FIG.5.30. The maximum thermal stress is
reduced about 25.2 % with two conductive layers.
The boundary conditions for top and bottom faces and other four faces are as shown
in Equation (5.9) and Equation (5.7) respectively.

106

FIG.5.29 The maximum thermal stress of LHG8 plates with two conductive layers for tau
= 1 hour.
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FIG.5.30 The stress distribution along the middle line of LHG8 plates with two very
conductive and close layers for tau = 1 hour.

Figure 5.31 shows the maximum thermal stress of LHG8 plates during radiative
cooling with five conductive layers except bottom face with tau = 1 hour. With these five
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conductive layers, the maximum thermal stress which appears at the middle point of
edges on the bottom face are about 10.9 MPa as shown in Fig.5.31. The maximum
thermal stress is reduced about 14.1 % with five conductive layers for tau = 1 hour.
The boundary conditions for bottom face and other five faces are as shown in
Equation (5.7) and Equation (5.9) respectively.
In this case, the maximum thermal stress is reduced by similar extent for five
conductive layers to the case of only one conductive layer. The case of two conductive
layers reduces the maximum thermal stress most which is 25.2%.

FIG.5.31 The maximum thermal stress of LHG8 plates with five conductive layers for tau
= 1 hour.
(b) The simulation results of tau = 4 hours
FIG.5.32 shows the maximum thermal stress of LHG8 plates during radiative
cooling with out conductive layers is about 5.8 MPa with tau = 4 hours. The boundary
conditions for all six faces are as shown in Equation (5.7).
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FIG.5.32 The maximum thermal stress of LHG8 plates without conductive layer for tau =
4 hours.

Figure 5.33 shows the maximum thermal stress of LHG8 plates during radiative
cooling with one very conductive and close layer above top face with tau = 4 hours. With
this conductive layer, the maximum thermal stress which appears at the middle point of
long edge on the bottom face is about 4.1 MPa as shown in Fig.5.33.The maximum
thermal stress is reduced about 29.3 % with one very conductive and close layer for tau =
4 hours.
The boundary conditions for top face and other five faces are as shown in Equation
(5.9) and Equation (5.7) respectively.

FIG.5.33 The maximum thermal stress of LHG8 plates with one conductive layer for tau
= 4 hours.

FIG.5.34 shows the maximum thermal stress of LHG8 plates during radiative
cooling with two very conductive layers with tau = 4 hours. With these two conductive
layers, the maximum thermal stresses which appear in the middle line on the top and
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bottom faces are about 2.9 MPa as shown in FIG.5.34. We have plotted the thermal stress
distribution along the middle line as shown in FIG.5.35. The maximum thermal stress
appeared at about 100 mm from the edge along the middle line. The maximum thermal
stress is reduced about 50 % with two conductive layers.
The boundary conditions for top and bottom faces and other four faces are as shown
in Equation (5.9) and Equation (5.7) respectively.

FIG.5.34 The maximum thermal stress of LHG8 plates with two conductive layers for tau
= 4 hours.
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FIG.5.35 The stress distribution along the middle line of LHG8 plates with two
conductive layers for tau = 4 hours.
Figure 5.36 shows the maximum thermal stress of LHG8 plates during radiative
cooling with five conductive layers except bottom face with tau = 4 hours. With these
five conductive layers, the maximum thermal stress which appears at the middle point of
edges on the bottom face are about 4.1 MPa as shown in Fig.5.36. The maximum thermal
stress is reduced about 29.3 % with five conductive layers for tau = 4 hours.
The boundary conditions for bottom face and other five faces are as shown in
Equation (5.7) and Equation (5.9) respectively.
In this case, the maximum thermal stress is reduced by similar extent to five
conductive layers with the case of only one conductive layer. The case of two conductive
layers reduces the maximum thermal stress most which is 50 %.
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FIG.5.36 The maximum thermal stress of LHG8 plates with five conductive layers for tau
= 4 hours.

(c) The simulation results of tau = 6 hours
FIG.5.37 shows the maximum thermal stress of LHG8 plates during radiative
cooling with out conductive layers is about 4.2 MPa with tau = 6 hours. The boundary
conditions for all six faces are as shown in Equation (5.7).

FIG.5.37 The maximum thermal stress of LHG8 plates without layer for tau = 6 hours.

FIG.5.38 shows the maximum thermal stress of LHG8 plates during radiative
cooling with one very conductive and close layer above top face with tau = 6 hours. With
this conductive layer, the maximum thermal stress which appears at the middle point of
short edge on the bottom face is about 2.9 MPa as shown in FIG.5.38. The maximum
thermal stress is reduced about 30.9 % with one very conductive and close layer for tau =
6 hours.
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The boundary conditions for top face and other five faces are as shown in Equation
(5.9) and Equation (5.7) respectively.

FIG.5.38 The maximum thermal stress of LHG8 plates with one conductive layer for tau
= 6 hours.

FIG.5.39 shows the maximum thermal stress of LHG8 plates during radiative
cooling with two very conductive layers with tau = 6 hours. With these two conductive
layers, the maximum thermal stress which appears in the middle line on the top and
bottom face are about 2 MPa as shown in FIG.5.39. We have plotted the thermal stress
distribution along the middle line as shown in FIG.5.40. The maximum thermal stress is
reduced about 52.3 % with two conductive layers.
The boundary conditions for top and bottom faces and other four faces are as shown
in Equation (5.9) and Equation (5.7) respectively.
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FIG.5.39 The maximum thermal stress of LHG8 plates with two conductive layers for tau
= 6 hours.
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FIG.5.40 The stress distribution along the middle line of LHG8 plates with two
conductive layers for tau = 6 hours.

Figure 5.41 shows the maximum thermal stress of LHG8 plates during radiative
cooling with five conductive layers except bottom face with tau = 6 hours. With these
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five conductive layers, the maximum thermal stress which appears at the middle point of
edges on the bottom face are about 2.9 MPa as shown in Fig.5.41. The maximum thermal
stress is reduced about 30.9 % with five conductive layers for tau = 6 hours.
The boundary conditions for bottom face and other five faces are as shown in
Equation (5.7) and Equation (5.9) respectively.
In this case, the maximum thermal stress is reduced by similar extent for five
conductive layers to the case of only one conductive layer. The case of two conductive
layers reduces the maximum thermal stress most which is 52.3 %.

FIG.5.41 The maximum thermal stress of LHG8 plates with five conductive layers for tau
= 6 hours.

5.5.3.2 The simulation results of BK7 plates
(a) The simulation results of tau = 1 hour
FIG.5.42 shows the maximum thermal stress of BK7 plates during radiative cooling
with out conductive layers is about 16.3 MPa with tau = 1 hour. The boundary conditions
for all six faces are as shown in Equation (5.7).
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FIG.5.42 The maximum thermal stress of BK7 plates without layer for tau = 1 hour.

Figure 5.43 shows the maximum thermal stress of BK7 plates during radiative
cooling with one very conductive and close layer above top face with tau = 1 hour. With
this conductive layer, the maximum thermal stress which appears at the middle point of
long edge on the bottom face is about 17.1 MPa as shown in Fig.5.43. The maximum
thermal stress increased by 4.9 % with this layer. So for BK7 plates when tau = 1 hour,
one conductive layer not only can not reduce the maximum thermal stress, instead, it will
increase the maximum thermal stress by 4.9 %.
The boundary conditions for top face and other five faces are as shown in Equation
(5.9) and Equation (5.7) respectively.

FIG.5.43 The maximum thermal stress of BK7 plates with one very conductive layer for
tau = 1 hour.
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FIG.5.44 shows the maximum thermal stress of BK7 plates during radiative cooling
with two very conductive layers with tau = 1 hour. With these two conductive layers, the
maximum thermal stress which appears in the middle line on the top and bottom face are
about 16.4 MPa as shown in FIG.5.44. We have plotted the thermal stress distribution
along the middle line as shown in FIG.5.45. The maximum thermal stress with two
conductive layers does not work in this case. The maximum thermal stress remains
almost the same as the case with out any conductive layers.
The boundary conditions for top and bottom faces and other four faces are as shown
in Equation (5.9) and Equation (5.7) respectively.

FIG.5.44 The maximum thermal stress of BK7 plates with two very conductive and close
layers for tau = 1 hour.
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FIG.5.45 The stress distribution along the middle line of BK7 plates with two layers for
tau = 1 hour.

Figure 5.46 shows the maximum thermal stress of BK7 plates during radiative
cooling with five conductive layers except bottom face with tau = 1 hour. With these five
conductive layers, the maximum thermal stress which appears at the middle point of
edges on the bottom face are about 40.4 MPa as shown in Fig.5.46.
The boundary conditions for bottom face and other five faces are as shown in
Equation (5.7) and Equation (5.9) respectively.
For BK7 plates with five conductive layers, the maximum thermal stresses not only
does not reduce, instead increase by 148 %. For the case of five conductive layers, the
conclusion of BK7 plates is much different from the results of LHG8 plates. For LHG8
plates, five conductive layer can reduce the maximum thermal stress by a certain amount
for tau = 1 hour, 4 hours and 6 hours. But for BK7 plates, the case of five conductive
layers will cause the maximum thermal stress increase a lot. The differences may be due
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to the different thickness of BK7 plates (80 mm), LHG8 plates (40 mm) and their
different thermal mechanical properties.

FIG.5.46 The maximum thermal stress of BK7 plates with five conductive layers for tau
= 1 hour.

(b) The simulation results of tau = 4 hours
FIG.5.47 shows the maximum thermal stress of BK7 plates during radiative cooling
with out conductive layers is about 9.6 MPa with tau = 4 hours. The boundary conditions
for all six faces are as shown in Equation (5.7).

FIG.5.47 The maximum thermal stress of BK7 plates without layer for tau = 4 hours.

Figure 5.48 shows the maximum thermal stress of BK7 plates during radiative
cooling with one conductive layer above top face with tau = 4 hours. With this
conductive layer, the maximum thermal stress which appears at the middle point of long
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edge on the bottom face is about 7.8 MPa as shown in Fig.5.48. The maximum thermal
stress is reduced about 18.8 % with one very conductive and close layer for tau = 4 hours.
The boundary conditions for top face and other five faces are as shown in Equation
(5.9) and Equation (5.7) respectively.

FIG.5.48 The maximum thermal stress of BK7 plates with one conductive layer for tau =
4 hours.

FIG.5.49 shows the maximum thermal stress of BK7 plates during radiative cooling
with two very conductive layers with tau = 4 hours. With these two conductive layers, the
maximum thermal stress which appears in the middle line on the top and bottom face are
about 5.8 MPa as shown in FIG.5.49. We have plotted the thermal stress distribution
along the middle line as shown in FIG.5.50. The maximum thermal stress is reduced
about 39.6 % with two conductive layers.
The boundary conditions for top and bottom faces and other four faces are as shown
in Equation (5.9) and Equation (5.7) respectively.
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FIG.5.49 The maximum thermal stress of BK7 plates with two conductive layers for tau
= 4 hours.
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FIG.5.50 The stress distribution along the middle line of BK7 plates with two conductive
layers for tau = 4 hours.

For BK7 plates with five conductive layers, the maximum thermal stresses
increases by 58.3 % as shown in FIG.5.51.
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FIG.5.51 The maximum thermal stress of BK7 plates with five conductive layers for tau
= 4 hours.

(c) The simulation results of tau = 6 hours
FIG.5.52 shows the maximum thermal stress of BK7 plates during radiative cooling
with out conductive layers is about 7.2 MPa with tau = 6 hours. The boundary conditions
for all six faces are as shown in Equation (5.7).

FIG.5.52 The maximum thermal stress of BK7 plates without conductive layer for tau = 6
hours.

FIG.5.53 shows the maximum thermal stress of BK7 plates during radiative cooling
with one conductive layer above top face with tau = 6 hours. With this conductive layer,
the maximum thermal stress which appears at the middle point of short edge on the
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bottom face is about 5.8 MPa as shown in FIG.5.53. The maximum thermal stress is
reduced about 19.4 % with one conductive layer for tau = 6 hours.
The boundary conditions for top face and other five faces are as shown in Equation
(5.9) and Equation (5.7) respectively.

FIG.5.53 The maximum thermal stress of BK7 plates with one very conductive and close
layer for tau = 6 hours.

FIG.5.54 shows the maximum thermal stress of BK7 plates during radiative cooling
with two very conductive layers with tau = 6 hours. With these two conductive layers, the
maximum thermal stress which appears in the middle line on the top and bottom face are
about 4.1 MPa as shown in FIG.5.54. We have plotted the thermal stress distribution
along the middle line as shown in FIG.5.55. The maximum thermal stress is reduced
about 43.1 % with two conductive layers.
The boundary conditions for top and bottom faces and other four faces are as shown
in Equation (5.9) and Equation (5.7) respectively.
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FIG.5.54 The maximum thermal stress of BK7 plates with two conductive layers for tau
= 6 hours.
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FIG.5.55 The stress distribution along the middle line of BK7 plates with two conductive
layers for tau = 6 hours.

For BK7 plates with five conductive layers, the maximum thermal stresses
increases by 51.4 % as shown in FIG.5.56.
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FIG.5.56 The maximum thermal stress of BK7 plates with five conductive layers for tau
= 6 hours.

5.6 Conclusion
We have simulated the radiative cooling process of LHG8 and BK7 large plates. The
surface temperature in LHG8 decays more rapidly than BK7. For stress evolution, at
early times, the temperature is high but uniform, and the thermal stress is small. For long
times, the temperature is low and again uniform, and the thermal stress is also small. The
maximum thermal stress becomes largest at some intermediate time. We have also found
that the maximum principal stress at the center of the long edge is larger for BK7 plate
than LHG8 plate. Yet, when the fracture toughness and slow crack growth behavior are
included, LHG8 plates are weaker than BK7 plates.
We have also compared the linear temporal variation of ambient temperature with
exponential temporal decay. The linear temperature temporal evolution is more
detrimental in the development of thermal shock. The difference of maximum principal
stress between linear variation and exponential decay increases with time decay constant
τ. We expect that any actual temperature profile will likely be between an exponential
and linear decay.
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We have added conductive layers to reduce the temperature gradient of LHG8 and
BK7 plates during radiative cooling process. We have compared the results of maximum
thermal stress for no conductive layer, one conductive layer, two conductive layers and
five conductive layers. For LHG8 plates, two conductive layers reduce the maximum
thermal stress most. For cases of one, two and five conductive layers maximum thermal
stress will be reduced. One and five conductive layers have similar effects on thermal
stress reduction. For BK7 plates, two conductive layers also work best.
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Chapter 6
Slow crack growth during radiative cooling
6.1 Introduction
Suratwala et al. have measured the slow crack growth in LHG8 using the doublecleavage-drilled compression method [41]. They report data in the temperature range 25300 ºC, and for water vapor pressure in the range 2-92 mmHg. Here we use PH2O = 2
mmHg. The critical initial flaw sizes are calculated numerically using the equations
below

[40].

For

LHG8

plate

which

is

800*400

mm2

in

areal

extent

and 40 mm thick. The crack growth is solved using equation (6.1) - (6.4).
v=

vΙ = v0(

vΙvΙΙ
vΙ + vΙΙ

PH 2 O m
Kappb − QΙ
) exp(
)
P0
RT

(6.1)

(6.2)

− QΙΙ
PH 2 O
) exp(
)
P0
RT

(6.3)

Kapp( t ) = Ωσapp( t ) πa ( t )

(6.4)

vΙΙ = C(

v0 = 7.3 × 10 6 m / s, b = 0.48, QΙ = 239kJ / mol
PH 2 O
2
, m = 1.2, C = 180 m/s, QΙΙ = 26kJ / mol
=
P0
760

(6.5)

where Ω is a geometry factor (~0.80) [42].The temperature is shown in FIG.5.3 - FIG.5.7
and the thermal stress is given by FIG.5.8 - FIG.5.12.
For the BK7 plate which is 800*400 mm2 in areal extent and 80 mm thick, we use
the data of Wiederhorn and Roberts (1972), who measured slow crack growth in BK7
and other glasses with a double cantilever beam [43]. They report data for BK7 at
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temperatures 23ºC, 104ºC, 154ºC and 226ºC under vacuum (10-5 mmHg). As shown in
previous report, we fitted the data at the crack growth rates of 10-5 m/s, 10-6 m/s, and 10-7
m/s for the four temperatures and get the data for BK7 under vacuum as shown below:
ln v0 = 10.10 m/s, b = 0.21, Q = 227,500 J/mol

(6.6)

The crack growth rate depends on the initial flaw size. If the initial crack depth is
too deep, the plate will crack catastrophically leading to complete fracture of the plate.
Excel spreadsheets have been constructed to numerically integrate equation 6.7.
da
= F(Kapp(a ( t )), T( t ))
dt

(6.7)

where the function F is given by equation 6.1, and the temperature is shown in FIG.5.3 FIG. 5.7.

6.2 Slow crack growth in BK7 and LHG8 plates
From Excel spreadsheets, we get the critical initial size for BK7 and LHG8 plates
for each time decay constant. If the initial crack size is less than or equal to the critical
initial size, the crack will grow in a controlled manner. But when the initial crack size is
greater than the critical initial crack size, the plates will fracture catastrophically. Figure
6.1 - 6.5 show the crack evolution at critical initial crack size of BK7 and LHG8 plates
for each decay time constant τ. We can find that crack growth has three regions. For early
time, there is little growth because the thermal stress is very small. For very long times,
crack growth is also slow because the temperature is low. However for intermediate times,
the crack growth is appreciable because both the stress and temperature are sufficiently
high.
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FIG.6.1 Crack size evolution of BK7 and LHG8 plates for τ = 600 s. The initial crack
size is at its critical value.
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FIG.6.2 Crack size evolution of BK7 and LHG8 plates for τ = 1 hour. The initial crack
size is at its critical value.
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FIG.6.3 Crack size evolution of BK7 and LHG8 plates for τ = 4 hours. The initial crack
size is at its critical value.
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FIG.6.4 Crack size evolution of BK7 and LHG8 plates for τ = 6 hours. The initial crack
size is at its critical value.
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FIG.6.5 Crack size evolution of BK7 and LHG8 plates for τ = 16 hours. The initial crack
size is at its critical value.

FIG.6.6 - 6.10 show the crack growth rate just below the critical initial flaw size of
BK7 and LHG8 plates for each decay time constant. It is noticed that there is an initial
incubation period and a final period where crack growth has stopped. The crack growth
rate reaches its maximum value at intermediate time.
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FIG.6.6 The crack growth rate for τ = 600 s. Initial flaw size is just below the critical
value.
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FIG.6.7 The crack growth rate for τ = 1 hour. Initial flaw size is just below the critical
value.
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FIG.6.8 The crack growth rate for τ = 4 hours. Initial flaw size is just below the critical
value.
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FIG.6.9 The crack growth rate for τ = 6 hours. Initial flaw size is just below the critical
value.
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FIG.6.10 The crack growth rate for τ = 16 hours. Initial flaw size is just below the critical
value.

The figure below shows the critical initial crack size for BK7 and LHG8 plates at
each τ.
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FIG.6.11 Critical initial crack for BK7 and LHG8.
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As shown in FIG.6.11, the critical initial crack size increases with decay time
constant τ. The critical initial crack size for BK7 plates is larger than the one for LHG8
plates which also indicates that the LHG8 plates are weaker than BK7 plates. We also
find that the difference between the critical initial size between BK7 and LHG8 plates
gets smaller with the increase of the decay time constant τ. When the decay time constant
equals 16 hrs (57600s) the critical initial crack sizes get very close for BK7 and LHG8
plates.

6.3 Three approaches to describe crack growth
6.3.1 The strength approach
In this approach, fracture is taken to occur when the applied stress σapp reaches the
strength of plates.
σ app < σ F ⇒ safe

(6.8)

As Table 5.1 shows, the strength of LHG8 is around 10 MPa, while the strength of
BK7 is around 20 MPa. The applied stress is shown in FIG.5.8 - FIG.5.12. For LHG8,
when τ equals 600 s, the maximum stress exceeds 10 MPa, so the LHG8 plate is not safe
for decay time constant 600 s. For BK7 plates, it is safe for each τ based on the strength
approach.

6.3.2 The fracture toughness approach
According to the fracture toughness approach, the fracture will occur when the
applied stress intensity reaches the material’s fracture toughness for a given flaw size.
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The geometrical factor Ω depends on the crack shape in relation to the component shape.
Here geometrical factor Ω is around 0.8 for quarter circular crack at surface position.
Kapp( t ) = Ωσapp( t ) πa ( t ) < KC, or a <

1
KC 2
(
)
π Ω * σapp

(6.9)

Using Kc = 0.43-0.51 MPa √ m for LHG-8, 0.82 MPa √ m for BK7, and σapp from
FIG.5.8 - FIG.5.12, we get the critical flaw size as shown in Table 6.1 using fracture
toughness approach.

Table 6.1 Critical crack size a (mm) from fracture toughness approach.
τ

600s

1hr

4hrs

6hrs

16hrs

BK7

1.0

1.3

3.7

6.1

27.4

LHG8

0.3 - 0.4

0.9 – 1.3

2.7 – 3.8

5.1-7.2

27.9 – 39.2

6.3.3 The slow crack growth approach
As described in the previous sections, the critical initial crack size can be derived
from the excel spreadsheet for each decay time constant. The critical initial crack sizes
are listed in Table 6.2 using slow crack growth approach.

Table 6.2 Critical initial crack size a0 (mm) from slow crack growth approach.
τ

600s

1hr

4hrs

6hrs

16hrs

BK7

0.599

0.77

2.23

3.66

16

LHG8

0.163

0.524

1.39

2.58

14.2
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On the choice of the fracture approach, it seemed to us that the strength approach is
inadequate because strength of a glass surface, let alone of a glass edge, is a parameter
that depends on so many finishing parameters that it can hardly be called a material
property. The strength of a glass surface is not a well described quantity and can not be
used to explain the reason for fracture very well.
The critical crack size is used in the fracture criteria both in the fracture toughness
approach and the slow crack growth approach. The drawback of the fracture approach is
that it assumes that the fracture toughness is a property that is independent of temperature
while the slow crack growth approach incorporates crack growth as a function of
temperature and applied stress.
The fracture toughness approach is a “liberal” criterion. For example, when τ = 4
hours, the worst flaw size in LHG8 would be in range of 2.7-3.8 mm, and for BK7 about
3.7 mm as shown in Table 6.1. The slow crack growth criterion is more conservative. It
predicts that for LHG8 the worst initial flaw is 1.39 mm deep, while for BK7 it is
2.23mm as shown in Table 6.2.

6.4 Stress intensity factor for corner cracks
6.4.1 Introduction
Three dimensional corner cracks are common cracks in thermal fracture of brittle glass.
Stress intensity factor for this type of crack is needed to predict the crack growth and the
fracture of glass components. Because of the difficulty in deriving the theoretical solution
of stress intensity factors of three dimensional corner cracks, finite element analysis is
always used to get the numerical results for these types of cracks under tension. Newman
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and Raju have found the stress intensity factor for semi-elliptic surface cracks for remote
tension and bending loading in finite thickness plates using finite element analysis [44,
45]. Kobayashi et al. have established an empirical equation to calculate the stress
intensity factor for quarter circular crack in an infinite body under tension [46]. M.
Shiratori and T. Miyoshi obtained results for stress intensity factor of quarter elliptic
cracks in a plate under constant, linear, parabolic or cubic stress distribution [47].
In our previous research, we used the expression K = Ω * σ max π * c . The geometry
factor Ω would be around 0.8 for a quarter circular crack along an edge under tension.
For clarity, we emphasize that an edge is the line where two faces (usually planar)
intersect. The geometry factor Ω was derived from the research of Murakami et al. who
calculated the stress intensity factor of quarter cracks in a plate under basic mode of
stress distribution [47]. However, previous research results are restricted to elliptic cracks
for a range of configuration parameters, and the stress intensity factor for cracks of other
shapes is missing [48]. In our research, finite element analysis has been used to calculate
the stress intensity factor for three dimensional corner cracks under tension in an infinite
body. Quarter elliptic cracks, quarter circular cracks and also irregular crack shapes are
included considering the possibility to occur in fracture. Three dimensional corner cracks
in an infinite body subjected to tension are simulated. Also comparisons are made with
references.

6.4.2 Finite element model for corner cracks
Three dimensional finite elements were used to model corner cracks in an infinite
body. Figure 6.12 shows the geometry and the coordinate system we use. The crack is
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loaded in Mode I by far-field tension. The pressure was applied directly to the plate
surface. The typical mesh is shown in Figure 6.13. 20-noded isoparametric three
dimensional solid elements (C3D20) are used, with the midsides nodes moved to the
quarter-point position on those element edges that focus onto the crack tip nodes. This
quarter-point method provides a strain singularity and, thus, improves the modeling of the
strain field adjacent to the crack tip [49]. The normal to the crack front is used to specify
the crack extension direction. The mesh extends out far enough to cause the boundary
conditions on the far faces of the model to have negligible effect on the solution. Three
rings of elements surrounding the crack tip are used to evaluate the required contour
integrals.

Fig. 6.12 Geometry and coordinate system.
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Fig. 6.13 Typical finite element mesh, b/a = 1.

The stress intensity factor K was calculated from the J-integral which was calculated
using the virtual crack extension method [49]. The analyses were made with a linear
elastic material model with a Young's modulus, E, of 200 GPa and Poisson's ratio, v of
0.3. The relationship between J and K was shown in equation below:
J=

1 − υ2 2
K
E

(6.10)

The stress intensity factor results are normalized using the equation below:
M=

K
(1 / φ)σ 0 πb

(6.11)

where φ is the complete elliptical integral of the second kind.


E (k),
φ=

(b / a )E (k ′),

k = (1 − b 2 / a 2 )1 / 2 (b ≤ a) 
k' = (1 - a 2 /b 2 )1/2 (b > a) 

(6.12)
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6.4.3 Numerical results and verification of the finite element model
We have modeled quarter elliptic cracks under tension in an infinite body with four
different ratios of crack depth over crack length. Figure 6.14 is the finite element mesh
for quarter elliptic cracks with b / a = 2. Figure 6.15 shows the stress intensity factor
varies with phase angle for quarter elliptic cracks in an infinite body with b / a = 2.

(a)
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(b)

Fig. 6.14 (a) Finite element mesh for quarter elliptic cracks with b / a = 2. (b) Enlarged
view for mesh profile on the crack surface with b / a = 2.

b/a=2
0.7
0.6

K / (σ√ Пb)

0.5
0.4
0.3
0.2
0.1
0
0.0

0.1 0.2

0.3 0.4

0.5

0.6 0.7

0.8 0.9

1.0

2Ф / П

Fig.6.15 Normalized stress intensity factor for quarter elliptical cracks (b / a = 2) under
tension in an infinite body.
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Figure 6.16 is the finite element mesh for quarter circular cracks with b / a = 1.
Figure 6.17 shows the stress intensity factor varies with phase angle for quarter circular
cracks in an infinite body with b / a = 1.

(a)

(b)

Fig. 6.16 (a) Finite element mesh for quarter circular cracks with b / a = 1. (b) Enlarged
view for mesh profile on the crack surface with b / a = 1.
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Fig.6.17 Normalized stress intensity factor for quarter circular cracks (b / a = 1) under
tension in an infinite body.

Figure 6.18 is the finite element mesh for quarter elliptic cracks with b / a = 0.5.
Figure 6.19 shows the stress intensity factor varies with phase angle for quarter elliptic
cracks in an infinite body with b / a = 0.5.
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(a)

(b)

Fig. 6.18 (a) Finite element mesh for quarter elliptic cracks with b / a = 0.5. (b) Enlarged
view for mesh profile on the crack surface with b / a = 0.5.
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Fig.6.19 Normalized stress intensity factor for quarter elliptic cracks (b / a = 0.5) under
tension in an infinite body.
Figure 6.20 is the finite element mesh for quarter elliptic cracks with b / a = 0.33.
Figure 6.21 shows the stress intensity factor varies with phase angle for quarter elliptic
cracks in an infinite body with b / a = 0.33.

(a)
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(b)

Fig. 6.20 (a) Finite element mesh for quarter elliptic cracks with b / a = 0.33. (b) Enlarged
view for mesh profile on the crack surface with b / a = 0.33.
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Fig.6.21 Normalized stress intensity factor for quarter elliptic cracks (b / a = 0.33) under
tension in an infinite body.
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To verify our model, we have compared our simulation results of stress intensity
factor with M. Shiratori’s results [47]. Table 6.3 shows the normalized stress intensity
factor M from Shiratori’s calculation for a quarter elliptic cracks in a plate. The ratio of
crack depth over plate thickness b / t = 0.1. Since limited results of previous publications
for quarter elliptic cracks in an infinite body, we assume the stress intensity factor should
be very close for cracks in an infinite body and cracks in a plate with small ratio of crack
depth over plate thickness such as b / t = 0.1.

b/a

2

1

0.6

0.4

0.2

M from

M/Ф from

Position

Reference

Reference

Deepest

1.147

0.474

Surface

1.458

0.602

Deepest

1.137

0.724

Surface

1.134

0.722

Deepest

1.099

0.861

Surface

0.939

0.736

Deepest

1.074

0.933

Surface

0.800

0.695

Deepest

1.059

1.009

Surface

0.514

0.49

Table 6.3. Normalized stress intensity factor M from Shiratori’s calculation for quarter
elliptic cracks in a plate [47].
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b /a

2

1

0.5

0.33

Ma/Ф from

Difference (%)

Position

ABAQUS

100*(Ma-M)/M

Deepest

0.490

3.47

Surface

0.610

1.34

Deepest

0.729

0.71

Surface

0.72

0.27

Deepest

0.900

few percent

Surface

0.724

few percent

Deepest

0.982

few percent

Surface

0.659

few percent

Table 6.4. Comparison of M / Ф from present FEM calculation and Shiratori’s calculation
for quarter elliptic cracks in an infinite body.

Table 6.4 shows the difference of our FEM calculation and Shiratori’s calculation.
For the ratio crack depth to crack length b / a = 2, the difference of stress intensity factor
is 3.47 % for deepest position, 1.34 % for surface position. For b / a = 1, the difference of
our calculation and Shiratori’s calculation is smaller, 0.71 % for the deepest position,
0.27 % for the surface position. For b / a = 0.5, or b / a = 0.33, based on the stress
intensity factor of Shiratori’s calculation, the difference is also only a few percent. These
results indicated that our finite element models are suitable for the analyses of cracks
under tension in an infinite body.

6.4.4 Stress intensity factor for irregular crack shapes
Our previous calculations about stress intensity factor are restricted to circular cracks
or elliptic cracks. Calculations of stress intensity factors for cracks of irregular shapes
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such as cracks shown below are missing. In our research, we have modeled two different
irregular crack shapes as shown in Fig 6.22 and Fig 6.23. For crack shape 1 as shown in
Fig 6.22, the ratio of crack length b over a is 0.5. The crack is symmetric along 45 degree
line. For crack shape 2 as shown in Fig 6.23, the ratio of crack length b over a is 2. 45
degree line is also the symmetric line.

Fig. 6.22 Geometry and coordinate system of crack shape 1.
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Fig. 6.23 Geometry and coordinate system of crack shape 2.

Figure 6.24 shows the finite element mesh for irregular crack shape 1 with b / a =
0.5. Figure 6.25 shows that the normalized stress intensity factor K / (σ √П b) varies with
phase angle for crack shape 1 in an infinite body under tension with b / a = 0.5.
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(a)

(b)

Fig. 6.24 (a) Finite element mesh for irregular crack shape 1. (b) Enlarged view for mesh
profile on the crack surface for irregular crack shape 1.
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1.4
1.2

K / (σ√ Пb)

1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.1 0.2

0.3 0.4

0.5

0.6 0.7

0.8 0.9

1.0

4Ф / П

Fig.6.25 Normalized stress intensity factor for irregular crack shape 1 (b / a = 0.5) under
tension in an infinite body.

Figure 6.26 shows the finite element mesh for irregular crack shape 2 with b / a = 2.
Figure 6.27 shows the normalized stress intensity factor K / (σ √П a) varies with phase
angle for crack shape 2 in an infinite body under tension with b / a = 2. Here we use the
minimum crack length a instead of b to normalize the stress intensity factor.
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(a)

(b)

Fig. 6.26 (a) Finite element mesh for irregular crack shape 2. (b) Enlarged view for mesh
profile on the crack surface for irregular crack shape 2.
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Curve 2 ( b / a = 2 )
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Fig.6.27 Normalized stress intensity factor for irregular crack shape 2 (b / a = 2) under
tension in an infinite body.

6.4.5 Conclusion
Three dimensional finite element analyses have been conducted to calculate the
stress intensity factor of cracks under tension in an infinite body. We have compared our
calculation of stress intensity factor for quarter elliptic cracks (b / a = 2, 1, 0.5, 0.33) with
Shiratori’s calculation [47]. The results agree with each other very well. Although
previous publications are restricted to regular crack shapes such as elliptic cracks or
circular cracks, we have also modeled the irregular crack shapes which may also occur in
thermal fracture of glass plates. We have calculated the stress intensity factor varies with
phase angle. Based on our calculation, the cracks which have smaller length extent tend
to propagate faster with a larger stress intensity factor. On the other side, the cracks
which have larger length dimension tend to grow slower with a smaller stress intensity
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factor. This implies that, even though the initial crack size may be irregular or of elliptic
shape, the crack growth will cause the crack eventually to become a quarter circular crack.

6.5 Effect of specimen geometry
6.5.1 Geometry and coordinates
The previous simulations of SIF are for plate in an infinite body. To investigate the
effect of plate thickness, we have simulated eighteen cases for plates with different
thickness and compared our results with previous ones. Figure 6.28 shows the geometry
and coordinate system for cases 1-3, 7-9 and 13-15. The plate is in tension as in previous
calculations. For cases 1-3, 7-9 and 13-15 the length of side a (ta) is infinite and the
length of side b is tb. For cases 1, 2 and 3, the crack length a = b. a = 2b for cases 7, 8 and
9. For cases 13, 14 and 15, the crack length a = 4b.

Fig. 6.28 Geometry and coordinate system for cases 1-3, 7-9 and 13-15.

Figure 6.29 shows the geometry and coordinate system for cases 4-6, 10-12, 16-18.
The plate is also in tension as in previous calculations. For cases 4-6, 10-12, 16-18, the
length of side b (tb) is infinite and the length of side a is ta. For cases 4, 5 and 6, the crack
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length a = b. a = 2b for cases 10, 11 and 12. For cases 16, 17 and 18, the crack length a =
4b.

Fig. 6.29 Geometry and coordinate system for cases 4-6, 10-12, 16-18.

6.5.2 Results
The results of simulations for case 1 to case 18 are shown in Figures 6.30 - 6.35.
From Figure 6.30 and Figure 6.31, we found for crack length a = b, no matter whether the
length of side b is finite or the length of side a is finite, when t = 5a or 3a, the results are
close to the previous calculations of an infinite body. However, for t = 2a there is an
obvious increase for stress intensity factor which shows the thickness of sides begins to
take effect. Consequently, for crack length a = b when the length of finite side is equal or
less than 2a, there is an obvious increase in SIF.
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Fig. 6.30 Normalized stress intensity factor varies with phase angle for cases 1 to 3 and
previous calculations (a = b).
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Fig. 6.31 Normalized stress intensity factor varies with phase angle for cases 4 to 6 and
previous calculations (a = b).
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Figure 6.32 and Figure 6.33 shows stress intensity factor for crack length a = 2b. As
Figure 6.32 shows for case 7 (t = 5b) the stress intensity factors are close to the SIF in an
infinite body. For case 8 (t = 3b) the SIF is bigger than SIF in an infinite body. For case 9
(t = 2b), the SIF is larger than the SIF for case 8. Figure 6.33 shows when the length of
side b is infinite, for all the cases 10 (t = 5a), 11 (t = 3a) and 12 (t = 2a), the SIF is close
to the SIF in an infinite body. According to Figure 6.32 and Figure 6.33, for crack length
a = 2b, when the length of finite side is equal or less than 1.5 a, there is an obvious
increase in SIF.
a = 2b
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( t =5b)
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( t =3b)
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Fig. 6.32 Normalized stress intensity factor varies with phase angle for cases 7 to 9 and
previous calculations (a = 2b).
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Fig. 6.33 Normalized stress intensity factor varies with phase angle for cases 10 to 12 and
previous calculations (a = 2b).

Figure 6.34 and Figure 6.35 shows stress intensity factor for crack length a = 4b. As
Figure 6.34 shows for case 13 (t = 5b) the stress intensity factors are close to the SIF in
an infinite body. For case 14 (t = 3b) the SIF is bigger than SIF in an infinite body. For
case 15 (t = 2b), the SIF is larger than the SIF for case 14. Figure 6.35 shows when the
length of side b is infinite, for all the cases 16 (t = 5a), 17 (t = 3a) and 18 (t = 2a), the SIF
is close to the SIF in an infinite body. According to Figure 6.34 and Figure 6.35, for
crack length a = 4b, when the length of finite side is equal or less than 0.75 a, there is an
obvious increase in SIF.
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Fig. 6.34 Normalized stress intensity factor varies with phase angle for cases 13 to 15 and
SIF in an infinite body (a = 4b).
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Fig. 6.35 Normalized stress intensity factor varies with phase angle for cases 16 to 18 and
SIF in an infinite body (a = 4b).
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6.5.3 Discussion
For cases 7 - 18, the initial crack shape is quarter elliptic. There are two possibilities
for the crack growth. If crack fronts that have smaller length extent propagate faster, the
cracks will tend to become quarter circular. If crack fronts that have larger length
dimension grow faster, the cracks will tend to become scratch like.
Fig. 6.36 and Fig. 6.37 show the position of largest stress intensity factor for cases 7
to 12 along the crack front. According to these two figures, for quarter elliptic cracks (a =
2b), no matter whether ta is infinite or tb is infinite, crack fronts that have smaller length
extent (length b) tend to propagate faster.

Fig. 6.36 Position of largest stress intensity factor for cases 7, 8 and 9.

162

Fig. 6.37 Position of largest stress intensity factor for case 10, 11 and 12.

Fig. 6.38 and Fig. 6.39 show the position of largest stress intensity factor for cases
13 to 18. According to these two figures, for quarter elliptic cracks (a = 4b), no matter
whether ta is infinite or tb is infinite, crack fronts that have smaller length extent (b) also
tend to propagate faster. Based on the simulation results, for quarter elliptic cracks (a =
2b or a = 4b) in tension, no matter whether ta is infinite or tb is infinite, the cracks will
tend to become quarter circular.
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Fig. 6.38 Position of largest stress intensity factor for case 13, 14 and 15.

Fig. 6.39 Position of largest stress intensity factor for case 16, 17 and 18.
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6.6 Conclusion
We have calculated crack evolution numerically using slow crack growth approach.
According to the results using slow crack growth approach, the first conclusion is that the
40mm-thick LHG8 plates are inherently weaker than 80mm-thick BK7 plate. BK7 plates
can withstand larger maximum principal stress and initial crack depth. The second
conclusion is that for both BK7 and LHG8 plates, the area near the midpoint of the long
edge is the most stressed area. Consequently, these areas are critical for crack growth.
The third conclusion is on the choice of the fracture approach required to describe this
difficult problem. The strength approach is inadequate because strength of a glass surface,
let alone of a glass edge, is a parameter that depends on so many finishing parameters
that it can hardly be called a material property. The strength of a glass surface is not a
well described quantity and can not be used to explain the reason for fracture very well.
The critical crack size is used in the fracture criteria both in the fracture toughness
approach and the slow crack growth approach. The drawback of the fracture approach is
that it assumes that the fracture toughness is a property that is independent of temperature
while the slow crack growth approach incorporates crack growth as a function of
temperature and applied stress.
The fracture toughness approach is a “liberal” criterion. For example, when τ = 4
hours, the worst flaw size in LHG8 would be in range of 2.7-3.8 mm, and for BK7 about
3.7 mm as shown in Table 6.1. The slow crack growth criterion is more conservative. It
predicts that for LHG8 the worst initial flaw is 1.39 mm deep, while for BK7 it is 2.23
mm as shown in Table 6.2.
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Finite element analysis is used to simulate the stress intensity factor of three
dimensional corner cracks in an infinite body subjected to tension. Crack shapes included
quarter elliptical cracks, quarter circular cracks and also irregular cracks are included
considering the possibility to occur in thermal shock fracture. We have compared our
simulation results for quarter elliptic cracks (b/a = 2, 1, 0.5, 0.33) with M. Shiratori’s
calculations [47] and the results agree very well. Although previous publications are
restricted to regular crack shapes such as elliptic cracks or circular cracks, we have also
modeled the irregular crack shapes using ABAQUS which gives us the advantage to
calculate the stress intensity factor of cracks of arbitrary shape. According to our
calculations, cracks which have smaller length extent tend to propagate faster with a
larger stress intensity factor. On the other hand, cracks which have larger length
dimension tend to grow slower with a smaller stress intensity factor. This implies that,
even though the initial crack size may be irregular or of elliptic shape, the crack growth
will cause the crack eventually to become a quarter circular crack.
To investigate the effect of specimen geometry, we have simulated the stress
intensity factor of eighteen different geometries. By comparison of the results, we have
found for crack length a = b, when the length of finite side is equal or less than 2a, there
is an obvious increase in SIF which shows that the thickness of sides begins to take effect.
For the crack length a = 2b and a = 4b, when the length of finite side is equal or less than
1.5a and 0.75a respectively, there is an obvious increase in SIF. We have also discussed
the location along the crack front where growth will be highest. Based on our simulation
results, for quarter elliptic cracks (a = 2b or a = 4b) in tension, no matter whether the
thickness ta is infinite or tb is infinite, the cracks that have smaller length extent tend to
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propagate faster. This again implies that even though the initial crack size is of quarter
elliptic shape, the crack growth will cause the crack eventually to become a quarter
circular crack.
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Chapter 7
Thermal stresses in rinsing of large plates

7.1 Thermal stresses in Piranha rinsing of large plates
7.1.1 Introduction and simulation
In this section, we will discuss thermal stresses in rinsing of BK7 plates. The plates
may be subjected to damage to an extent less than thermal shock. The BK7 plate has an
areal extent of 47*43 cm2, 10 cm thick. The initial temperature of BK7 plate is 20 ºC.
The top face is rinsed by Piranha solution (3:1 H2SO4:H2O2). The Piranha properties
correspond to a 3:1 volumetric linear combination of the properties of H2SO4 and H2O2
respectively. Three different heating-soaking-cooling strategies are used which include
different durations and maximum temperatures. We will focus on the temperature
evolution of the center on top face, the maximum tensile stress and their location. The
crack evolution and the critical initial crack size will also be investigated. The main new
feature in this section is that the ambient temperature is transient and undergoes a threestep evolution: temperature increasing from room temperature to a value in the range 70
ºC - 100 ºC, remaining (soaking) at that value for a period of time, and then ramping back
down to room temperature.
The thermal stress evolution and crack growth in brittle glass plates of BK7
borosilicate crown are studied using ABAQUS. Three dimensional linear brick elements
were used to model the plates. 20210 elements were used for BK7 plates during
simulation. Convergence testing was conducted to make sure that the calculated stress
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and temperature do not depend on the mesh size of the FEM model. The finite element
mesh is shown in FIG.7.1.

FIG.7.1 Finite element mesh for BK7 (470*430*100 mm3) to be used in Piranha rinsing.

The boundary condition for thermal convection is:
q[ W / m 2 ] = h (T − Tamb )

(7.1)

where T is the temperature at the glass surface, and Tamb is the temperature of the
surroundings. Three different heating-soaking-cooling processes for the top face are
investigated as shown in Fig.7.2. The first one is that BK7 plate ramps over 144 minutes
to 92 ºC from 20 ºC. Then the plate is kept at 92 ºC for 30 minutes. After that the BK7
plate is cooled over 160 minutes from 92 ºC to 20 ºC. The second process is that BK7
plate ramps over 36 minutes to 92 ºC from 20 ºC. Then the plate is kept at 92 ºC for 7.5
minutes. After that the BK7 plate is cooled over 40 minutes from 92 ºC to 20 ºC. The
third process is that BK7 plate ramps over 36 minutes to 70 ºC from 20 ºC. Then the plate
is kept at 70 ºC for 7.5 minutes. After that the BK7 plate is cooled over 40 minutes from
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70 ºC to 20 ºC. The ambient temperatures of surroundings for sides and bottom faces are
20 ºC.

temperature(C)

100
heat-soakcool_1

80
60

heat-soakcool_2

40

heat-soakcool_3

20
0
0

100

200

300

400

time (min)

FIG.7.2 Temperature of surroundings for top face of Piranha rinsing.

The heat transfer coefficients of top face, sides and bottom face are 600 W/m2.K,
160 W/m2.K, and 4 W/m2.K respectively. There have been estimated, and correspond to
forced flow by nozzle flow at the top surface, forced external flow at the four vertical
sides, and natural convection at the bottom side. The nozzle flow-induced heat transfer at
the top surface is regenerated by an average value, corresponding to large heat transfer
where the nozzle flow impact the top surface and low heat transfer outside the nozzle
impacted areas.
The initial condition is:
T( x , y, z, t = 0) = 20 o C

(7.2)
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The temperature is governed by the time dependent 3-D conduction equation. Once
the temperature is determined, the thermal stress can be calculated by ABAQUS.

7.1.2 Estimate of heat transfer coefficient
There are five nozzles above our BK7 plates with one nozzle in the center and four
nozzles at corner. The bottom face is open to air.
7.1.2.1 The heat transfer coefficient of bottom face
The bottom face is in free convection and the heat transfer coefficient is calculated
as follows:
Ra =

gβ(Ts − T∞ )Lc 3
* Pr = 3.4 *10 6
2
ν

(7.3)
1
4

Nu = 0.27*Ra = 12

(7.4)

where Ra is Rayleigh number, β is volumetric thermal expansion coefficient, T s is
surface temperature, T ∞ is ambient temperature, Lc is characteristic length, Pr is Prandtl
number, ν is kinematic viscosity, Nu is Nusselt number. Then the heat transfer
coefficient of bottom face is calculated:
hbottom =

Nu * k
= 4 W/m2.K
Lc

(7.5)

7.1.2.2 The heat transfer coefficient of sides
We assume forced external flow parallel to the sides and the velocity of Piranha
solution at sides Us = 2.1 cm/s. We first estimated the Reynolds number and Nusselt
number:
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Re =

Us * L
= 488
ν

(7.6)

1

Nu = 0.664 * Re0.5 * Pr 3 = 48

(7.7)

where Us is velocity, L is linear extent, ν is viscosity, Pr is Prandtl number.
Then heat transfer coefficient of sides is calculated:
hsides_Piranha =

Nu * k f
= 160 W/m2.K
L

(7.8)

where kf is thermal conductivity.

7.1.2.3 The heat transfer coefficient of top face
For top face, we first calculate Nusselt number using the results of Ma et al. [50] and
Yonehara et al. [51]. According to the research result of Yonehara et al. [51], there are
three different regions:
Region I (stagnation zone): r/d < 1
Nud = 0.878 * Re 1d/ 2 *Pr 1 / 3

(7.9)

Red is local Reynolds number, Nu d is local Nusselt number, d is diameter of liquid jet.
The center nozzle has 120ºcone angle, the diameter for center nozzle is 1.5 mm. The
corner nozzles have 90 ºcone angle and the diameter for corner nozzle is 1.2 mm. The
distance from nozzles to glass surface is 14 cm.
Region II (In this region neither the hydrodynamic nor thermal boundary layer has
reached the free surface): 1< r/d < r v /d = 0.141 Re 1d/ 3
Nud = 0.619 Re d *Pr 1 / 3 (r*) −1 / 2
1/ 3

(7.10)
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Region III(The hydrodynamic boundary layer has reached the free surface, but the
thermal boundary layer has not):
Nud = 2 * Re d * Pr 1 / 3 (6.41 * (r*) 2 +0.161/ r*) −1 * [6.55* ln(35.9* (r*) 3 +0.899 )+
1/ 3

0.881] −1 / 3

(7.11)
1/ 3

where the dimensionless radial coordinate is defined as r* = (r/d)/ Re d .
Ma et al. [50] have presented similar results for the uniform temperature case:
Region I (stagnation zone): r/d < 1
Nud = 0.8587 * Re 1d/ 2 *Pr 1 / 3

(7.12)

Red is local Reynolds number, Nu d is local Nusselt number, d is diameter of liquid jet.
Region II (In this region neither the hydrodynamic nor thermal boundary layer has
reached the free surface):
1< r/d < r v / d = 0.1773 Re 1d/ 3
Nud = 0.668 Re d *Pr 1 / 3 (r*) −1 / 2
1/ 3

(7.13)

Region III (The hydrodynamic boundary layer has reached the free surface, but the
thermal boundary layer has not):
1/ 3

Nud = 1.5874 * Re d * Pr 1 / 3 *(

25.735
(r / d ) 3 + 0.8566 ) −2 / 3
Re d

(7.14)

The average heat transfer is calculated using the equation below:
__

Nu =

R

1
r
Nu ( )2πrdr
2 ∫
d
πR 0

(7.15)

We compute the average value of these two results and get the heat transfer
coefficient value for top face htop-Piranha = 600 W/m2.K for Piranha rinsing.

173

7.1.3 Results of Piranha rinsing
We have investigated the temperature and stress evolution of BK7 plate in Piranha
rinsing. We have found that the location of maximum tensile stress is about 3 cm below
the cooled surface in all three heating-soaking-cooling cases. FIG. 7.3 shows the most
stressed location in Piranha rinsing.

FIG.7.3 The location of maximum tensile stress of BK7 plate in Piranha rinsing.

7.1.3.1 The first heating-soaking-cooling process:
For the first case, the heating-soaking-cooling times are 144, 30, 160 min
respectively. The top side is rinsed by Piranha. The heat transfer coefficients of top face,
sides and bottom side are htop (Piranha) = 600 W/m2.K, hsides= 160 W/m2.K, hbottom = 4
W/m2.K. The initial temperature is 20 ºC. The maximum (soak) temperature is 92 ºC.
FIG.7.4 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 89 ºC. The top face stays at temperature over 50 ºC
for about 185 minutes. At early times, the temperature is uniform, so the thermal stress is
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small. For long time, the temperature is uniform again, and the thermal stress is also low.
Consequently, the thermal stress becomes largest at some intermediate time. As shown in
FIG.7.4 the thermal stress reaches its maximum value 21.8 MPa at time t = 184 min, i.e.
during the cooling period.

FIG. 7.4 The evolutions of temperature and stress for case 1 of Piranha rinsing.

FIG.7.5 shows the thermal stress at time t = 184 min at points with different
distances from bottom face. According to FIG.7.5, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 21.8 MPa.
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FIG. 7.5 The thermal stresses at points with different distances from bottom face for case
1 of Piranha rinsing. Time = 184 min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha processed side.
We have also calculated the critical initial crack size of BK7 plates in Piranha
rinsing using slow crack growth approach. FIG.7.6 shows the initial size of worst flaw is
63 μm, and grows to 74 μm at failure.
crack size, Tmax 92 C, 144-30-160 min

crack size a(t), µm
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FIG. 7.6 The critical initial crack size of BK7 plates for case 1 of Piranha rinsing.
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7.1.3.2 The second heating-soaking-cooling process:
For the second case, the heating-soaking-cooling times are 36, 7.5, and 40 min
which is one fourth of the duration in case 1. The top side is rinsed by Piranha. The heat
transfer coefficients of top face, sides and bottom side are htop (Piranha) = 600 W/m2.K,
hsides= 160 W/m2.K, hbottom = 4 W/m2.K. The initial temperature is 20 ºC. The maximum
(soak) temperature is 92 ºC.
FIG.7.7 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 89 ºC. The top face stays at temperature over 50 ºC
for about 45 minutes. At early times, the temperature is uniform, so the thermal stress is
small. For long time, the temperature is uniform again, and the thermal stress is also low.
Consequently, the thermal stress becomes largest at some intermediate time. As shown in
FIG.7.7 the thermal stress reaches its maximum value 14.2 MPa at time t = 49 min during
the cooling period. In case 2, because of shorter durations, the maximum tensile stress
(14.2 MPa) is less than the one in case 1 (21.8 MPa). We have reduced the maximum
thermal stress by decreasing the heating-soaking-cooling duration.
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FIG. 7.7 The evolutions of temperature and stress for case 2 of Piranha rinsing.

FIG.7.8 shows the thermal stress at time t = 49 min at points with different distances
from bottom face. According to FIG.7.8, the point at 70 mm from bottom face, that is 30
mm from cooled surface the same as the location in case 1 has maximum tensile stress
14.2 MPa.
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FIG. 7.8 The thermal stresses at points with different distances from bottom face for case
2 of Piranha rinsing. Time = 49 min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha processed side.

We have also calculated the critical initial crack size of BK7 plates in Piranha
rinsing using slow crack growth approach. FIG.7.9 shows the initial size of worst flaw is
180 μm, and grows to 300 μm at failure. The critical initial crack size is larger than the
crack size in case 1 in Piranha rinsing which also indicates less severe thermal shock
conditions than case 1.
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FIG. 7.9 The critical initial crack size of BK7 plates for case 2 of Piranha rinsing.

7.1.3.3 The third heating-soaking-cooling process:
For the third case, heating-soaking-cooling times are 36, 7.5, 40 min respectively.
The top side is rinsed by Piranha. The heat transfer coefficients of top face, sides and
bottom side are htop (Piranha) = 600 W/m2.K, hsides= 160 W/m2.K, hbottom = 4 W/m2.K.
The initial temperature is 20 ºC. At this time, the maximum temperature changes to 70 ºC
which is less than 92 ºC in previous cases.
FIG.7.10 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 68 ºC. The top face stays at temperature over 50 ºC
for about 36 minutes. The thermal stress becomes largest at some intermediate time. As
shown in FIG.7.10 the thermal stress reaches its maximum value 9.9 MPa at time t = 49
min during the cooling period. In case 3, we reduce the maximum tensile stress by
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reducing the highest ambient temperature from 92 ºC to 70 ºC. And the maximum
thermal stress decreases from 14.2 MPa to 9.9 MPa.

FIG. 7.10 The evolutions of temperature and stress for case 3 of Piranha rinsing.

FIG.7.11 shows the thermal stress at time t = 49 min at points with different
distances from bottom face. According to FIG.7.11, the point at 70 mm from bottom face,
that is 30 mm from cooled surface the same as the locations in case 1 and 2 has maximum
tensile stress 9.9 MPa.
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FIG. 7.11 The thermal stresses at points with different distances from bottom face for
case 3 of Piranha rinsing. Time = 49 min. Distance equals to 0 refers to natural
convection (bottom) side. Distance equals to 100 mm refers to Piranha processed side.

We have also calculated the critical initial crack size of BK7 plates in Piranha
rinsing using slow crack growth approach. FIG.7.12 shows the initial size of worst flaw is
390 μm, and grows to 460 μm at failure which also indicates a milder thermal shock
condition than case 1 and case 2.
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FIG. 7.12 The critical initial crack size of BK7 plates for case 3 of Piranha rinsing.
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7.2 Insulating coating
In real case, there is an insulating coating (usually a multilayer dielectric coating, of
thickness about 5 - 50 µm ) above the glass substrate. In our simulations, the insulating
coating is not included because it will not change the heat transfer coefficient much. We
have calculated the effect of insulating coating on the heat transfer coefficient. FIG. 7.13
shows the model of film F and substrate S.

FIG. 7.13 The model of film F and substrate S.

The actual boundary condition for the film at x = 0:

h (T1 − T∞ ) + q F = 0

(7.16)

where T∞ is the surrounding temperature, q F is the heat flux of the film. According to the
power flux continuity:
q F = qS

(7.17)

where q S is the heat flux of the substrate. Equation (7.18) and (7.19) are constitutive law
for film and substrate respectively:
q F = −k F

T2 − T1
H

(7.18)
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q S = −k S

dT
dx S

(7.19)

where q F is the heat flux of the substrate, kS is thermal conductivity of substrate, kF is
thermal conductivity of film, H is the thickness of the film. From equation (7.17) and
(7.18), we get:

T1 = T2 +

qS * H
kF

(7.20)

Substituting (7.20) into (7.16), we get:
h (T2 +

qS * H
H
− T∞ ) + q S = 0 ⇒ h (T2 − T∞ ) + q S * (1 + h * ) = 0
kF
kF

(7.21)

From equation (7.21), we get the boundary condition for the substrate considering
the insulating coating:
h
H
1+ h *
kF

(T2 − T∞ ) + q S = 0

(7.22)

Equation (7.23) is the boundary condition for the absence of any coating:
h (T2 − T∞ ) + q S = 0

(7.23)

So we use an effective heat transfer coefficient h eff due to the coating presence,
h eff =

h
1+ h

H
kF

(7.24)

However, the effect of film presence on heat transfer coefficient is not significant.
We have calculated the heat transfer coefficient drop for our rinsing case. For typical
values: heat transfer coefficient h = 600 W/m2.K, the thickness of the film H = 50 µm =
50 * 10-6 m, the thermal conductivity of the film kF = 1- 10 W/m.K
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h*

H
50 * 10 −6
= 600 *
= 0.03 − 0.003
kF
1 − 10

(7.25)

The heat transfer coefficient drops to 582 – 598 W/m2.K. Consequently the effect is
negligible.

7.3 Thermal stresses in water rinsing of large plates
7.3.1 Simulation
In this chapter we discuss the thermal stresses in water rinsing of BK7 plate and
compare the results with Piranha rinsing. Considering the properties of water at the
temperature of 50 ºC: viscosity 0.55 * 10-3 Pa.s, mass density 988 Kg/m3, Prandtl number
3.6, thermal conductivity 0.64 W/m.K as shown in Table 7.1, a higher heat transfer
coefficient h is expected for water rinsing. Comparisons are made of water rinsing
solution with Piranha rinsing solution. Larger thermal stress and smaller critical initial
crack size are expected in water rinsing due to higher heat transfer coefficient which
makes water rinsing more detrimental.
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Table 7.1 Material properties of Piranha and water at 50 ºC.
Piranha @ 50 ºC

H2O @ 50 ºC

Density ρ, kg/m3

1,630

988

Viscosity µ, Pa.s

7E-3

0.55E-3

Kinematic viscosity ν, m2/s

4.3E-6

0.55E-6

Thermal conductivity kf, W/m.K

0.34

0.64

Heat capacity cp, J/kg.K

1,600

4,180

Thermal diffusivity α, m2/s

1.3E-7

1.6E-7

Prandtl number ν/α

33

3.6

The BK7 plate has an areal extent of 47*43 cm2, 10 cm thick. The initial
temperature of BK7 plate is 20 ºC. The top face is rinsed by water. Three different
heating-soaking-cooling strategies are used which include different durations and
maximum temperatures. We will focus on the temperature evolution of the center on top
face, the maximum tensile stress and their location. The crack evolution and the critical
initial crack size will also be investigated.
The thermal stress evolution and crack growth in brittle glass plates of BK7
borosilicate crown are studied using ABAQUS. Three dimensional linear brick elements
were used to model the plates. 20210 elements were used for BK7 plates during
simulation. Convergence testing was conducted to make sure that the calculated stress
and temperature do not depend on the mesh size of the FEM model. The finite element
meshes are shown in FIG.7.14.
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FIG.7.14 Finite element mesh for BK7 (470*430*100 mm3) for water rinsing.

The boundary condition for thermal convection is:
q[ W / m 2 ] = h (T − Tamb )

(7.26)

where T is the temperature at the glass surface, and Tamb is the temperature of the
surroundings. Three different heating-soaking-cooling processes for the top face are
investigated as shown in Fig.7.15. The first one is that BK7 plate ramps over 144 minutes
to 92 ºC from 20 ºC. Then the plate is kept at 92 ºC for 30 minutes. After that the BK7
plate is cooled over 160 minutes from 92 ºC to 20 ºC. The second process is that BK7
plate ramps over 36 minutes to 92 ºC from 20 ºC. Then the plate is kept at 92 ºC for 7.5
minutes. After that the BK7 plate is cooled over 40 minutes from 92 ºC to 20 ºC. The
third process is that BK7 plate ramps over 36 minutes to 70 ºC from 20 ºC. Then the plate
is kept at 70 ºC for 7.5 minutes. After that the BK7 plate is cooled over 40 minutes from
70 ºC to 20 ºC. The ambient temperatures of surroundings for sides and bottom faces are
20 ºC.
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FIG.7.15 Temperature of surroundings for top face of water rinsing.

The heat transfer coefficients of top face, sides and bottom face are 3300 W/m2.K,
400 W/m2.K, and 4 W/m2.K respectively.
The initial condition is:
T( x , y, z, t = 0) = 20 o C

(7.27)

The temperature is governed by the time dependent 3-D conduction equation. Once
the temperature is determined, the thermal stress can be calculated by ABAQUS.

189

7.3.2 Estimate of heat transfer coefficient
7.3.2.1 The heat transfer coefficient of bottom face
The bottom face is still in free convection. hbottom = 4 W/m2.K

7.3.2.2 The heat transfer coefficient of sides
We assume forced external flow parallel to the sides and the velocity of Piranha
solution at sides Us = 2.1 cm/s. We first estimated the Reynolds number and Nusselt
number:
Re =

Us * L
= 3820
ν

(7.28)

1

Nu = 0.664 * Re0.5 * Pr 3 = 63

(7.29)

where Us is velocity, L is linear extent, ν is viscosity, Pr is Prandtl number. Then heat
transfer coefficient of sides is calculated:
hsides_water =

Nu * k f
= 400 W/m2.K
L

(7.30)

where kf is thermal conductivity.

7.3.2.3 The heat transfer coefficient of top face
For top face, we also calculate Nusselt number using the results of Ma et al. [50] and
Yonehara et al. [51]. According to the research result of Yonehara et al.[51], there are
three different regions:
Region I (stagnation zone): r/d < 1
Nud = 0.878 * Re 1d/ 2 *Pr 1 / 3

(7.31)

Red is local Reynolds number, Nu d is local Nusselt number, d is diameter of liquid jet.
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Region II (In this region neither the hydrodynamic nor thermal boundary layer has
reached the free surface): 1 < r/d < r v /d = 0.141 Re 1d/ 3
Nud = 0.619 Re d *Pr 1 / 3 *(r*) −1 / 2
1/ 3

(7.32)

Region III(The hydrodynamic boundary layer has reached the free surface, but the
thermal boundary layer has not):
Nud = 2 * Re d * Pr 1 / 3 * (6.41* (r*) 2 +0.161/ r*) −1 * [6.55 * ln (35.9 * (r*) 3 +0.899 ) +
1/ 3

0.881] −1 / 3

(7.33)
1/ 3

where the dimensionless radial coordinate is defined as r* = (r/d)/ Re d .
Ma et al. [50] have presented similar results for the uniform temperature case:
Region I (stagnation zone): r/d < 1
Nud = 0.8587 * Re 1d/ 2 *Pr 1 / 3

(7.34)

Red is local Reynolds number, Nu d is local Nusselt number, d is diameter of liquid jet.
Region II (In this region neither the hydrodynamic nor thermal boundary layer has
reached the free surface):
1 < r/d <r v /d = 0.1773 Re 1d/ 3
Nud = 0.668 Re d *Pr 1 / 3 (r*) −1 / 2
1/ 3

(7.35)

Region III (The hydrodynamic boundary layer has reached the free surface, but the
thermal boundary layer has not):
1/ 3

Nud = 1.5874 * Re d * Pr 1 / 3 *(

25.735
(r / d ) 3 + 0.8566 ) −2 / 3
Re d

The average heat transfer is calculated using the equation below:

(7.36)
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__

Nu =

R

1
r
Nu ( )2πrdr
2 ∫
d
πR 0

(7.37)

We compute the average value of these two results and get the heat transfer
coefficient value for top face htop_water = 3300 W/m2.K for water rinsing.

7.3.3 Results of water rinsing
7.3.3.1 The first heating-soaking-cooling process of water rinsing:
For the first case, the heating-soaking-cooling times are 144, 30, 160 min
respectively. The top side is rinsed by water. The heat transfer coefficients of top face,
sides and bottom side are htop (water) = 3300 W/m2.K, hsides= 400 W/m2.K, hbottom = 4
W/m2.K. The initial temperature is 20 ºC. The maximum temperature is 92 ºC.
FIG.7.16 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 92 ºC. As shown in FIG.7.16 the thermal stress
reaches its maximum value 25 MPa at time t = 180 min during the cooling period.
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FIG. 7.16 The evolutions of temperature and stress for case 1 of water rinsing.

FIG.7.17 shows the thermal stress at time t = 180 min at points with different
distances from bottom face. According to FIG.7.17, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 25 MPa.
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FIG. 7.17 The thermal stresses at points with different distances from bottom face for
case 1 of water rinsing. Time = 180 min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha processed side.

We have also calculated the critical initial crack size of BK7 plates in water rinsing
using slow crack growth approach. FIG.7.18 shows the initial size of worst flaw is 49 μm,
and grows to 69 μm at failure.
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FIG. 7.18 The critical initial crack size of BK7 plates for case 1 of water rinsing.

7.3.3.2 The second heating-soaking-cooling process of water rinsing:
For the second case, the heating-soaking-cooling times are 36, 7.5, and 40 min
which is one fourth of the duration in case 1. The top side is rinsed by water. The heat
transfer coefficients of top face, sides and bottom side are htop (water) = 3300 W/m2.K,
hsides= 400 W/m2.K, hbottom = 4 W/m2.K. The initial temperature is 20 ºC. The maximum
temperature is 92 ºC.
FIG.7.19 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 92 ºC. As shown in FIG.7.19 the thermal stress
reaches its maximum value 17 MPa at time t = 49 min during the cooling period.
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FIG. 7.19 The evolutions of temperature and stress for case 2 of water rinsing.

FIG.7.20 shows the thermal stress at time t = 49 min at points with different
distances from bottom face. According to FIG.7.20, the point at 80 mm from bottom face,
that is 20 mm from cooled surface has maximum tensile stress 17 MPa.
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FIG. 7.20 The thermal stresses at points with different distances from bottom face for
case 2 of water rinsing. Time = 49 min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha processed side.

We have also calculated the critical initial crack size of BK7 plates in water rinsing
using slow crack growth approach. FIG.7.21 shows the initial size of worst flaw is 120
μm, and grows to 133 μm at failure.
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FIG. 7.21 The critical initial crack size of BK7 plates for case 2 of water rinsing.

7.3.3.3 The third heating-soaking-cooling process of water rinsing:
For the third case, heating-soaking-cooling times are 36, 7.5, 40 min respectively.
The top side is rinsed by water. The heat transfer coefficients of top face, sides and
bottom side are htop-water = 3300 W/m2.K, hsides-water = 400 W/m2.K, hbottom = 4 W/m2.K.
The initial temperature is 20 ºC. At this time, the maximum temperature changes to 70 ºC
which is less than 92 ºC in previous cases.
FIG.7.22 shows the temperature evolution at center of top face and thermal stress
evolution at 2 cm below cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 70 ºC. As shown in FIG.7.22 the thermal stress
reaches its maximum value 11.8 MPa at time t = 49 min during the cooling period.
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FIG. 7.22 The evolutions of temperature and stress for case 3 of water rinsing.

FIG.7.23 shows the thermal stress at time t = 49 min at points with different
distances from bottom face. According to FIG.7.23, the point at 80 mm from bottom face,
that is 20 mm from cooled surface has maximum tensile stress 11.8 MPa.
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FIG. 7.23 The thermal stresses at points with different distances from bottom face for
case 3 of water rinsing. Time = 49 min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha processed side.

We have also calculated the critical initial crack size of BK7 plates in water rinsing
using slow crack growth approach. FIG.7.24 shows the initial size of worst flaw is 260
μm, and grows to 280 μm at failure.
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FIG. 7.24 The critical initial crack size of BK7 plates for case 3 of water rinsing.

7.4 Results of pure H2SO4 rinsing
We have also simulated pure sulfuric acid rinsing. The properties of H2SO4 at the
temperature of 50 ºC are shown in Table 7.2:
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Table 7.2 Material properties of H2SO4 at 50 ºC.
H2SO4 @ 50C

Piranha @ 50 C

H2O @ 50 C

Density ρ, kg/m3

1,840

1,630

988

Viscosity µ, Pa.s

1E-2

7E-3

0.55E-3

Kinematic viscosity

5.4E-6

4.3E-6

0.55E-6

0.26

0.34

0.64

1,470

1,600

4,180

9.6E-8

1.3E-7

1.6E-7

56

33

3.6

ν, m2/s
Thermal
conductivity kf,
W/m.K
Heat capacity cp,
J/kg.K
Thermal diffusivity
α, m2/s
Prandtl number ν/α

7.4.1 Estimation of heat transfer coefficient
7.4.1.1 The heat transfer coefficient of bottom face
The bottom face is still in free convection. hbottom = 4 W/m2.K

7.4.1.2 The heat transfer coefficient of sides
We assume forced external flow parallel to the sides and the velocity of pure sulfuric
acid solution at sides Us = 2.1 cm/s. We first estimated the Reynolds number and Nusselt
number:
Re =

Us * L
= 390
ν
0.5

Nu = 0.664 * Re

1
3

* Pr = 50

(7.38)

(7.39)
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where Us is velocity, L is linear extent, ν is viscosity, Pr is Prandtl number. Then heat
transfer coefficient of sides is calculated:
hsides_H2SO4 =

Nu * k f
= 130 W/m2.K
L

(7.40)

where kf is thermal conductivity.

7.4.1.3 The heat transfer coefficient of top face
For top face, we also calculate Nusselt number using the results of Ma et al. [50] and
Yonehara et al. [51]. According to the research result of Yonehara et al. [51], there are
three different regions:
Region I (stagnation zone): r/d < 1
Nud = 0.878 * Re 1d/ 2 *Pr 1 / 3

(7.41)

Red is local Reynolds number, Nu d is local Nusselt number, d is diameter of liquid jet.
Region II (In this region neither the hydrodynamic nor thermal boundary layer has
reached the free surface): 1 < r/d < r v /d = 0.141 Re 1d/ 3
Nud = 0.619 *Re d *Pr 1 / 3 (r*) −1 / 2
1/ 3

(7.42)

Region III(The hydrodynamic boundary layer has reached the free surface, but the
thermal boundary layer has not):
Nud = 2* Re d * Pr 1 / 3 (6.41*(r*) 2 +0.161 / r*) −1 * [6.55 * ln(35.9* (r*) 3 + 0.899 ) +
1/ 3

0.881] −1 / 3

(7.43)
1/ 3

where the dimensionless radial coordinate is defined as r* = (r/d)/ Re d .
Ma et al. [50] have presented similar results for the uniform temperature case:
Region I (stagnation zone): r/d < 1
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Nud = 0.8587 * Re 1d/ 2 *Pr 1 / 3

(7.44)

Red is local Reynolds number, Nu d is local Nusselt number, d is diameter of liquid jet.
Region II (In this region neither the hydrodynamic nor thermal boundary layer has
reached the free surface):
1< r/d < r v /d = 0.1773 Re 1d/ 3
Nud = 0.668 Re d *Pr 1 / 3 (r*) −1 / 2
1/ 3

(7.45)

Region III (The hydrodynamic boundary layer has reached the free surface, but the
thermal boundary layer has not):
1/ 3

Nud = 1.5874 * Re d * Pr 1 / 3 *(

25.735
(r / d ) 3 + 0.8566 ) −2 / 3
Re d

(7.46)

The average heat transfer is calculated using the equation below:
__

R

1
r
Nu ( )2πrdr
Nu =
2 ∫
d
πR 0

(7.47)

We compute the average value of these two results and get the heat transfer
coefficient value for top face htop_water = 460 W/m2.K for pure sulfuric acid rinsing.

7.4.2 Temperature and thermal stresses of pure sulfuric acid rinsing
7.4.2.1 The first heating-soaking-cooling process of pure sulfuric acid rinsing:
For the first case, the heating-soaking-cooling times are 144, 30, 160 min
respectively. The top side is rinsed by sulfuric acid. The heat transfer coefficients of top
face, sides and bottom side are htop (sulfuric acid) = 460 W/m2.K, hsides= 130 W/m2.K,
hbottom = 4 W/m2.K. The initial temperature is 20 ºC. The maximum temperature is 92 ºC.
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FIG.7.25 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 90 ºC. As shown in FIG.7.25 the thermal stress
reaches its maximum value 21 MPa at time t = 184 min during the cooling period.
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FIG. 7.25 The evolutions of temperature and stress for case 1 of sulfuric acid rinsing.

FIG.7.26 shows the thermal stress at time t = 184 min at points with different
distances from bottom face. According to FIG.7.26, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 21 MPa.
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FIG. 7.26 The thermal stresses at points with different distances from bottom face for
case 1 of sulfuric acid rinsing. Time = 184 min. Distance equals to 0 refers to natural
convection (bottom) side. Distance equals to 100 mm refers to Piranha processed side.

7.4.2.2 The second heating-soaking-cooling process of pure sulfuric acid rinsing:
For the second case, the heating-soaking-cooling times are 36, 7.5, and 40 min
which is one fourth of the duration in case 1. The top side is rinsed by sulfuric acid. The
heat transfer coefficients of top face, sides and bottom side are htop (water) = 460 W/m2.K,
hsides= 130 W/m2.K, hbottom = 4 W/m2.K. The initial temperature is 20 ºC. The maximum
temperature is 92 ºC.
FIG.7.27 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 88 ºC. As shown in FIG.7.27 the thermal stress
reaches its maximum value 13.4 MPa at time t = 49 min during the cooling period.
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FIG. 7.27 The evolutions of temperature and stress for case 2 of sulfuric acid rinsing.

FIG.7.28 shows the thermal stress at time t = 49 min at points with different
distances from bottom face. According to FIG.7.28, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 13.4 MPa.
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FIG. 7.28 The thermal stresses at points with different distances from bottom face for
case 2 of sulfuric acid rinsing. Time = 49 min. Distance equals to 0 refers to natural
convection (bottom) side. Distance equals to 100 mm refers to Piranha processed side.

7.4.2.3 The third heating-soaking-cooling process of sulfuric acid rinsing:
For the third case, heating-soaking-cooling times are 36, 7.5, 40 min respectively.
The top side is rinsed by sulfuric acid. The heat transfer coefficients of top face, sides and
bottom side are htop-water = 460 W/m2.K, hsides-water = 130 W/m2.K, hbottom = 4 W/m2.K. The
initial temperature is 20 ºC. At this time, the maximum temperature changes to 70 ºC
which is less than 92 ºC in previous cases.
FIG.7.29 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 67 ºC. As shown in FIG.7.29 the thermal stress
reaches its maximum value 9.3 MPa at time t = 49 min during the cooling period.

208

80
70
60
50
40
30
20
10
0

10
8
6
4
2

stress @ 3 cm below
cooled surface (MPa)

T center of top face
(C)

Sulfuric acid rinsing case 3 (36-7.5-40 min)

temperature
stress

0
0

8 16 24 32 40 48 56 64 72 80
time (min)

FIG. 7.29 The evolutions of temperature and stress for case 3 of sulfuric acid rinsing.

FIG.7.30 shows the thermal stress at time t = 49 min at points with different
distances from bottom face. According to FIG.7.30, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 9.3 MPa.
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FIG. 7.30 The thermal stresses at points with different distances from bottom face for
case 3 of sulfuric acid rinsing. Time = 49 min. Distance equals to 0 refers to natural
convection (bottom) side. Distance equals to 100 mm refers to Piranha processed side.

7.5 Results of fused silica (3:1 H2SO4:H2O2)
We have also simulated piranha rinsing of fused silica plates (3:1 H2SO4:H2O2).
Table 7.3 lists the material properties of fused silica.
Table 7.3 Material properties FS and BK7.
Property and units

FS

BK7

Density ρ, kg/m3

2,201

2,510

Heat capacity cp, J/kg.K

703

858

Thermal conductivity k,

1.38

1.114

Young’s modulus E, GPa

73

82

Poisson ratio υ

0.17

0.21

CTE α, K-1

0.55E-6

8.3E-6

W/m.K
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7.5.1 The first heating-soaking-cooling process of fused silica glass:
For the first case, the heating-soaking-cooling times are 144, 30, 160 min
respectively. The top side is rinsed by Piranha solution (3:1 H2SO4:H2O2). The heat
transfer coefficients of top face, sides and bottom side are htop (Piranha) = 600 W/m2.K,
hsides= 160 W/m2.K, hbottom = 4 W/m2.K. The initial temperature is 20 ºC. The maximum
temperature is 92 ºC.
FIG.7.31 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 74 ºC. As shown in FIG.7.31 the thermal stress
reaches its maximum value 1.4 MPa at time t = 180 min during the cooling period.
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FIG. 7.31 The evolutions of temperature and stress for case 1 of fused silica plates.
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FIG.7.32 shows the thermal stress at time t = 180 min at points with different
distances from bottom face. According to FIG.7.32, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 1.4 MPa.
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FIG.7.32 The thermal stresses at points with different distances from bottom face for case
1 of fused silica plates. Time = 180 min. Distance equals to 0 refers to natural convection
(bottom) side. Distance equals to 100 mm refers to Piranha processed side.

7.5.2 The second heating-soaking-cooling process of fused silica glass:
For the second case, the heating-soaking-cooling times are 36, 7.5, and 40 min
which is one fourth of the duration in case 1. The top side is rinsed by Piranha. The heat
transfer coefficients of top face, sides and bottom side are htop (Piranha) = 600 W/m2.K,
hsides= 160 W/m2.K, hbottom = 4 W/m2.K. The initial temperature is 20 ºC. The maximum
temperature is 92 ºC.
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FIG.7.33 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 89 ºC. As shown in FIG.7.33 the thermal stress
reaches its maximum value 0.96 MPa at time t = 48 min during the cooling period.
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FIG. 7.33 The evolutions of temperature and stress for case 2 of fused silica plates.

FIG.7.34 shows the thermal stress at time t = 48 min at points with different
distances from bottom face. According to FIG.7.34, the point at 70 mm from bottom face,
that is 30 mm from cooled surface the same as the location in case 1 has maximum
tensile stress 0.96 MPa.
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FIG. 7.34 The thermal stresses at points with different distances from bottom face for
case 2 of fused silica plates. Time = 48 min. Distance equals to 0 refers to natural
convection (bottom) side. Distance equals to 100 mm refers to Piranha processed side.

7.5.3 The third heating-soaking-cooling process:
For the third case, heating-soaking-cooling times are 36, 7.5, 40 min respectively.
The top side is rinsed by Piranha. The heat transfer coefficients of top face, sides and
bottom side are htop-Piranha = 600 W/m2.K, hsides-Piranha = 160 W/m2.K, hbottom = 4 W/m2.K.
The initial temperature is 20 ºC. At this time, the maximum temperature changes to 70 ºC
which is less than 92 ºC in previous cases.
FIG.7.35 shows the temperature evolution at center of top face and thermal stress
evolution at 3 cm below the cooled surface where is the most likely to fail. The highest
temperature at center of top surface is 68 ºC. As shown in FIG.7.35 the thermal stress
reaches its maximum value 0.7 MPa at time t = 48 min during the cooling period.
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FIG. 7.35 The evolutions of temperature and stress for case 3 of fused silica plates.

FIG.7.36 shows the thermal stress at time t = 48 min at points with different
distances from bottom face. According to FIG.7.36, the point at 70 mm from bottom face,
that is 30 mm from cooled surface has maximum tensile stress 0.7 MPa.
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FIG. 7.36 The thermal stresses at points with different distances from bottom face for
case 3 of fused silica plates. Time = 48 min. Distance equals to 0 refers to natural
convection (bottom) side. Distance equals to 100 mm refers to Piranha processed side.

7.6 Conclusion
In this chapter, we have discussed the thermal stresses in rinsing of BK7 plates. The
main new feature in this section is that the ambient temperature is transient and
undergoes a three-step evolution. We have investigated the thermal stresses in Piranha
rinsing (3:1 H2SO4:H2O2) of BK7 plates. The plates are subjected to damage to an extent
less than severe thermal shock. Three different heating – soaking - cooling strategies are
applied.
For the first heating – soaking – cooling strategy (heating – soaking – cooling time
times are 144, 30, 160 min respectively), the highest temperature at center of top surface
is 89 ºC and the thermal stress reaches its maximum value 21.8 MPa during cooling
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period at 3 cm below the cooled surface where is the most likely to fail. The critical
initial size of worst flaw is 63 μm, and grows to 74 μm at failure.
For the second heating – soaking – cooling strategy (heating – soaking – cooling
times are 36, 7.5, 40 min respectively), the highest temperature at center of top surface is
89 ºC and the thermal stress reaches its maximum value 14.2 MPa during cooling period
at 3 cm below the cooled surface where is the most likely to fail. The maximum thermal
stress is reduced by shortening the duration. The critical initial size of worst flaw is 180
μm, and grows to 300 μm at failure.
For the third heating – soaking – cooling strategy (heating – soaking – cooling times
are 36, 7.5, 40 min respectively), the highest temperature at center of top surface is 68 ºC
and the thermal stress reaches its maximum value 9.9 MPa during cooling period at 3 cm
below the cooled surface where is the most likely to fail. The maximum thermal stress is
reduced by lower the maximum surrounding temperature. The critical initial size of worst
flaw is 390 μm, and grows to 460 μm at failure.
We have investigated the thermal stresses in water rinsing and pure sulfuric acid
rinsing of BK7 plates and compared the results with Piranha rinsing. The maximum
thermal stresses are larger for water rinsing compared with Piranha rinsing due to a
higher heat transfer coefficient for water rinsing. The maximum thermal stresses are
smaller for BK7 plates rinsed by pure sulfuric acid because of lower hear transfer
coefficient. For the first heating – soaking – cooling strategy, the maximum thermal
stresses are 25 MPa and 21 MPa respectively for water rinsing and pure sulfuric acid
rinsing. For the second heating – soaking – cooling strategy, the maximum thermal

217

stresses are 17 MPa and 13.4 MPa respectively. For the third heating – soaking – cooling
strategy the maximum thermal stresses are 11.8 MPa and 9.3 MPa respectively.
To make a comparison with BK7 plates, the Piranha rinsing process of fused silica
was also simulated. Due to its extremely low coefficient of thermal expansion (0.55 E-6
K-1), thermal stresses are very low for fused silica plates. For the first heating – soaking –
cooling strategy, the maximum thermal stress is only 1.4 MPa. For the second heating –
soaking – cooling strategy, the maximum thermal stress is less than 1 MPa. For the third
heating – soaking – cooling strategy the maximum thermal stress is 0.7 MPa.
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Chapter 8
Summary and suggestions for future work
8.1 Summary
Due to the brittleness and thermally insulating of glasses, damage caused by thermal
stress has long been considered as a matter of concern. The goal of our work is to analyze
the thermal stress fracture of optical glasses. Our works combines experimental
measurement of glass thermomechanical failure, as well as computational simulations of
transient thermal stresses arising in precision optical component used in fusion research.
We use both experimental and numerical approaches to address technical issues in
thermal shock management.
In Chapter 2, we have measured the thermal shock resistance of the borosilicate
glass BK-7 and its dependence on the finish of the ground surfaces exposed to thermal
shock. Our results show that higher surface roughness leads to lower thermal shock
resistance. For surface prepared by lapping with alumina abrasives ranging in size from
5μm to 40μm, the critical temperature drop ΔTc for catastrophic failure is in the range
124 – 140 ºC. By estimating the relevant heat transfer and thermal stress conditions, we
have concluded that “severe” thermal shock conditions describe our thermal shock tests
in BK7, while most ceramics are prone to “mild” shock because of their higher
conductivity. A fracture mechanic analysis has shown that our measured critical
temperature drop is consistent with fracture originating at cracks whose depth was in the
range 33 – 42μm.
In Chapter 3, we have measured post – quenching strength degradation of the
borosilicate glass BK-7. Weibull distribution is used to analyze our fracture data.
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According to the results of ring-on-ring tests, there is no obvious strength degradation
when the imposed quenching temperature difference is less than the thermal shock value.
This result is similar to the one published, for example, by Peitl and Zanotto [1], who
likewise observe no strength degradation until the thermal shock value critical
temperature drop is attained. On the other hand, the measured strength (essentially
independent of the quenching temperature difference) depends on the surface finish.
According to the results of strength degradation tests, a rougher finish leads to lower
retained strength. Notice that the effect of 5 and 9 μm abrasive finishes are similar.
However, for rougher surface finish (20 and 40 μm) there is a marked drop in the strength.
We have used both fin approximation and finite element analysis to calculate temperature
and thermal stress. We observe that the fin approximation underestimates the maximum
edge stresses. For small Biot number, the surface stress increases with Biot number. For
sufficiently large Biot number, the maximum surface tensile stress does not depend on
the Biot number. Our results show that SSD can be estimated from the abrasive size and
consequently the critical temperature drop can be estimated.
In Chapter 4, we have extended our studies to silicone oil quench and studied the effect
of quenching medium. The goal of using another quenching medium (silicone oil) is to
achieve significantly different heat transfer coefficients during cooling/rinsing. Our
results indicate that there is a significant difference in the strength of BK-7 measured in
ambient conditions compared to after soaking in silicone oil which shows the evidence of
chemical effect. For example, for glass ground with 20 μm abrasives, the ambient
strength is 84 ± 7 MPa, while it is 143 ± 14 MPa after soaking in silicone oil. We also
observe a strong dependence of the strength on surface finish. The strength varies from
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64 ± 9 MPa to 122 ± 12 MPa for samples lapped with 40 μm and 5 μm, respectively.
There is little strength degradation when the quenching temperature difference ΔT is
varied. For example, the strength is about 110 MPa for samples lapped with 40 μm
abrasives and measured in air after soaking in silicone or samples quenched in silicone to
temperature ΔT in the range 160 - 200 ºC and subsequently measured. Similar
conclusions may be drawn for the samples lapped with the finer abrasives. A finite
element simulation also has been carried out to predict the effect of the heat transfer
coefficient on the generated thermal stresses, as well as to identify the location of highest
thermal stress. The results indicate that for a typical heat transfer scenario, the curved
edge of the disk is more heavily stressed than the flat face and the maximum thermal
stresses occur some time after the cooling starts.
In Chapter 5, we have simulated the radiative cooling process of LHG8 and BK7
large plates. The surface temperature in LHG8 decays more rapidly than BK7. For stress
evolution, at early times, the temperature is high but uniform, and the thermal stress is
small. For long times, the temperature is low and again uniform, and the thermal stress is
also small. The maximum thermal stress becomes largest at some intermediate time. We
have also found that the maximum principal stress at the center of the long edge is larger
for BK7 plate than LHG8 plate. Yet, when the fracture toughness and slow crack growth
behavior are included, LHG8 plates are weaker than BK7 plates.
We have also compared the linear temporal variation with exponential temporal
decay. The linear temperature temporal evolution is more detrimental in the development
of thermal shock. The difference of maximum principal stress between linear variation
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and exponential decay increases with time decay constant τ. We expect that any actual
temperature profile will likely be between an exponential and linear decay.
We have added conductive layers to reduce the temperature gradient of LHG8 and
BK7 plates during radiative cooling process. We have compared the results of maximum
thermal stress for no conductive layer, one conductive layer, two conductive layers and
five conductive layers. For LHG8 plates, two conductive layers reduce the maximum
thermal stress most. For cases of one, two and five conductive layers maximum thermal
stress will be reduced. One and five conductive layers have similar effects on thermal
stress reduction. For BK7 plates, two conductive layers also work best.
In Chapter 6, we have calculated crack evolution numerically using slow crack growth
approach. According to the results using slow crack growth approach, the first conclusion
is that the 40mm-thick LHG8 plates are inherently weaker than 80mm-thick BK7 plate.
BK7 plates can withstand larger maximum principal stress and initial crack depth. The
second conclusion is that for both BK7 and LHG8 plates, the area near the midpoint of
the long edge is the most stressed area. Consequently, these areas are critical for crack
growth. The third conclusion is on the choice of the fracture approach required to
describe this difficult problem. The strength approach is inadequate because strength of a
glass surface, let alone of a glass edge, is a parameter that depends on so many finishing
parameters that it can hardly be called a material property. The strength of a glass surface
is not a well described quantity and can not be used to explain the reason for fracture very
well.
The critical crack size is used in the fracture criteria both in the fracture toughness
approach and the slow crack growth approach. The drawback of the fracture approach is
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that it assumes that the fracture toughness is a property that is independent of temperature
while the slow crack growth approach incorporates crack growth as a function of
temperature and applied stress.
The fracture toughness approach is a “liberal” criterion. For example, when τ = 4
hours, the worst flaw size in LHG8 would be in range of 2.7-3.8 mm, and for BK7 about
3.7 mm as shown in Table 6.1. The slow crack growth criterion is more conservative. It
predicts that for LHG8 the worst initial flaw is 1.39 mm deep, while for BK7 it is 2.23
mm as shown in Table 6.2.
Finite element analysis is used to simulate the stress intensity factor of three
dimensional corner cracks in an infinite body subjected to tension. Crack shapes included
quarter elliptical cracks, quarter circular cracks and also irregular cracks are included
considering the possibility to occur in thermal shock fracture. We have compared our
simulation results for quarter elliptic cracks (b/a = 2, 1, 0.5, 0.33) with M. Shiratori’s
calculations [47] and the results agree very well. Although previous publications are
restricted to regular crack shapes such as elliptic cracks or circular cracks, we have also
modeled the irregular crack shapes using ABAQUS which gives us the advantage to
calculate the stress intensity factor of cracks of arbitrary shape. According to our
calculations, cracks which have smaller length extent tend to propagate faster with a
larger stress intensity factor. On the other hand, cracks which have larger length
dimension tend to grow slower with a smaller stress intensity factor. This implies that,
even though the initial crack size may be irregular or of elliptic shape, the crack growth
will cause the crack eventually to become a quarter circular crack.
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To investigate the effect of specimen geometry, we have simulated the stress
intensity factor of eighteen different geometries. By comparison of the results, we have
found for crack length a = b, when the length of finite side is equal or less than 2a, there
is an obvious increase in SIF which shows that the thickness of sides begins to take effect.
For the crack length a = 2b and a = 4b, when the length of finite side is equal or less than
1.5a and 0.75a respectively, there is also an obvious increase in SIF. We have also
discussed the location along the crack front where growth will be highest. Based on our
simulation results, for quarter elliptic cracks (a = 2b or a = 4b) in tension, no matter
whether the thickness ta is infinite or tb is infinite, the cracks that have smaller length
extent tend to propagate faster. This again implies that even though the initial crack size
is of quarter elliptic shape, the crack growth will cause the crack eventually to become a
quarter circular crack.
In Chapter 7, we have discussed the thermal stresses in rinsing of BK7 plates. The
main new feature in this section is that the ambient temperature is transient and
undergoes a three-step evolution. We have investigated the thermal stresses in Piranha
rinsing (3:1 H2SO4:H2O2) of BK7 plates. The plates are subjected to damage to an extent
less than severe thermal shock. Three different heating – soaking - cooling strategies are
applied.
For the first heating – soaking – cooling strategy (heating – soaking – cooling time
times are 144, 30, 160 min respectively), the highest temperature at center of top surface
is 89 ºC and the thermal stress reaches its maximum value 21.8 MPa during cooling
period at 3 cm below the cooled surface where is the most likely to fail. The critical
initial size of worst flaw is 63 μm, and grows to 74 μm at failure.
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For the second heating – soaking – cooling strategy (heating – soaking – cooling
times are 36, 7.5, 40 min respectively), the highest temperature at center of top surface is
89 ºC and the thermal stress reaches its maximum value 14.2 MPa during cooling period
at 3 cm below the cooled surface where is the most likely to fail. The maximum thermal
stress is reduced by shortening the duration. The critical initial size of worst flaw is 180
μm, and grows to 300 μm at failure.
For the third heating – soaking – cooling strategy (heating – soaking – cooling times
are 36, 7.5, 40 min respectively), the highest temperature at center of top surface is 68 ºC
and the thermal stress reaches its maximum value 9.9 MPa during cooling period at 3 cm
below the cooled surface where is the most likely to fail. The maximum thermal stress is
reduced by lower the maximum surrounding temperature. The critical initial size of worst
flaw is 390 μm, and grows to 460 μm at failure.
We have investigated the thermal stresses in water rinsing and pure sulfuric acid
rinsing of BK7 plates and compared the results with Piranha rinsing. The maximum
thermal stresses are larger for water rinsing compared with Piranha rinsing due to a
higher heat transfer coefficient for water rinsing. The maximum thermal stresses are
smaller for BK7 plates rinsed by pure sulfuric acid because of lower hear transfer
coefficient. For the first heating – soaking – cooling strategy, the maximum thermal
stresses are 25 MPa and 21 MPa respectively for water rinsing and pure sulfuric acid
rinsing. For the second heating – soaking – cooling strategy, the maximum thermal
stresses are 17 MPa and 13.4 MPa respectively. For the third heating – soaking – cooling
strategy the maximum thermal stresses are 11.8 MPa and 9.3 MPa respectively.
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To make a comparison with BK7 plates, the Piranha rinsing process of fused silica
was also simulated. Due to its extremely low coefficient of thermal expansion (0.55 E-6
K-1), thermal stresses are very low for fused silica plates. For the first heating – soaking –
cooling strategy, the maximum thermal stress is only 1.4 MPa. For the second heating –
soaking – cooling strategy, the maximum thermal stress is less than 1 MPa. For the third
heating – soaking – cooling strategy the maximum thermal stress is 0. 7 MPa.

8.2 Suggestions for future work
More work could be carried out to extend the understanding of thermal stress fracture
of optical glass. For future work, our suggestions are:
In thermal shock tests, we have used a high speed camera to capture the fracture
process of BK7 samples. But we can not calculate crack growth rate due to the limited
temporal resolution of our high speed camera. Future work should be done to measure the
crack growth rate. We have calculated crack growth rate using Wiederhorn’s reaction
model. With a high speed camera whose temporal resolution is good enough, the
theoretical calculation of crack growth rate could be used to compare with experiment
results.
For the quenching test, we assumed that all of the sample surfaces are quenched at
once. We propose to consider the time factor in quenching process. Future work could be
done to calculate thermal stress considering that the contact position varies with time. In
addition, we assumed that the cooled plate is isothermal and heat transfer coefficient is
constant during quenching. However, the heat transfer coefficient varies with time and
location although these are not strong effects. The actual heat transfer coefficient that
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varies with time and location could be calculated in order to gain a more accurate
solution. In addition, we also assumed that thermomechanical properties are independent
of temperature. The change of thermal properties such as thermal conductivity, heat
capacity, density that varies with time and temperature could be considered in order to
make the results closer to real solution although these are not a strong effect.
In our calculations, we assumed that the critical stress intensity under
thermomechanical loads can be estimated from the usual fracture toughness Kc. The
critical stress intensity could be significantly affected by the applied loads. In future work,
stress intensity factors can be simulated using finite element analysis under thermal loads
(temperature changes) instead of mechanical loads as we use in current calculations. The
stress intensity factor under thermal loads should be calculated and comparison could be
made between the SIF under mechanical loads and SIF under thermal loads.
We have discussed thermal stresses in rinsing of BK7 plates. The plates are subjected
to damage to an extent less than severe thermal shock. The ambient temperature is
transient and undergoes a three-step evolution. We have simulated the temperature
evolution of the center on top face, the maximum thermal tensile stress and their location.
Experiments should be done to make comparisons with numerical calculations. The
location where fracture occurs and the rate of crack growth can be measured during the
experiment. For the radiation cooling process, experiment should also be conducted to
compare with simulation results.
In addition, the rinsing strategy should be considered. For our current rinsing strategy,
we have high heat transfer coefficient according to forced flow by nozzle flow, medium
heat transfer coefficient corresponding to forced external flow and also low heat transfer
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coefficient corresponding to natural convection. But other rinsing strategies such as all
the surfaces have high heat transfer coefficient or all the surfaces have low heat transfer
coefficient should also be considered to optimize the rinsing process.
In Chapter 7, we have explained that we have not included an insulating coating
above the glass substrate because such coatings do not change heat transfer coefficient
much. However, the results can be more accurate if glass plates including an insulating
coating are simulated, especially since the fracture toughness of the coating may be
different from that of bulk glass. In addition, we have investigated thermal stress fracture
of BK7, LHG-8 and fused silica. Thermal stress fracture of other optical glasses should
also be investigated in the future.
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