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Le trempage est largement utilisb pour la fabrication de 
verre de s~cur i t6 pour des raisons d'bconomie autant que 
pour des raisons de s6curit6. Les etudes en laboratoire du 
procede de trempage et de I'effet de renforcement qu'il 
produit sont g6neralement limitees 3 des 6chantillons 
rectangulaires. Les rksultats sont donc valables pour cette 
configuration geometrique particuli8re. Le present rapport 
dgcrit un modele de contrainte simple dans un 6chantillon 
de verre plat trempe. Le modele, qui utilise des 6quations 
photo-elastiques pour determiner les composantes 
tri-dimensionnelles de contrainte, a servi 3 Btablir la 
birgfringence accidentelle dans un 6chantillon de verre 
rectangulaire soumis A un transfert de chaleur uniforme et 
symetrique, une temperature o'u le verre se conduit comme 
un materiau 6lastique parfait, sans relschement de tension 
pendant la phiode experimentale. Une mbthode pour 
determiner le coefficient de vitesse de transfert de la chaleur 
a pu gtre mise au point h partir de I'analyse de la birefringence 
accidentelle. Cette technique utilise I'6chantillon de verre 
comme un transducteur optique sans jamais modifier le 
passage nature1 de la chaleur par convection forcee ou 
refroidissement de contact. 



Stress State in Tempered Glass Plate and 
Determination of Heat-transfer Rate 

Three-dimensional stress state in thermally tempered glass plate, 
determination of the stress components and a photoelastic method of 
evaluating heat-transfer rate during tempering are described 

by N.K. Sinha 

ABSTRACT-Thermal tempering is widely used to manufacture 
safety glass for economic as well as for certain safety measures. 
Laboratory investigations of the tempering process and the 
resultant strengthening effect are generally limited to rectangular 
specimens. Results are, therefore, appropriate for this 
particular geometry. This paper describes a simple stress-state 
model of a tempered flat glass specimen. The model, developed 
using photoelastic equations to determine the three-dimensional 
stress components, was used to predict the transient 
birefringence in a rectangular glass specimen subjected to 
uniform and symmetrical heat-transfer conditions, at a tempera- 
ture where glass behaves as a perfect elastic material with no 
stress relaxation within the experimental time. A method of 
determining the coefficient of heat-transfer rate was then 
developed based on the analysis of the transient birefringence. 
This technique uses the glass specimen as an optical trans- 
ducer, and does not affect, in any way, the natural flow of 
heat by forced convection or contact cooling. 

Nomenclature 

C. = stress-optical coefficient 
c = subscript for central mid-plane value, 

specific heat 
A d  = scattered-light fringe separation 
E = Young's modulus 

h, , h, , h, = coefficient of heat-transfer rate in directions 
x, ,x2 and x3,  respectively 

K = constant 
k = true thermal conductivity 

29, = length 
2f2 = width 
2 t  = thickness 

s = subscript for surface value, half thickness 
R ,  , R 2 ,  R, = relative retardations in polarized light 

propagating along x, ,x2 and x, respectively 
x, ,x2 ,x3 = Cartesian coordinates 

N.K. Sinha is Research Officer, Geotechnical Section, Division of Building 
Research, National Research Council of Canada, Ottawa. Ontario, 
Camda KIA OR6. 

Paper was presented at 1977 SESA Spring Meeting held in Dollar, TX on 
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(Y = coefficient of linear thermal expansion 

k  
/3 = - = thermal diffusivity 

e c 
13 = excess temperature over the ambient at any 

time 
8, = initial excess temperature 
Q = density 

u1 , u2, u3 = principal stresses 
a!, a: = components of principal stress a; along i due 

to the heat flow along j  and k ,  respectively, 
i # j # k  

X = wavelength of light 
v = Poisson's ratio 
7 = time in seconds 

Introduction 

The present lack .of basic knowledge of the dynamic 
rheological response of unstabilized soda-lime-silica glass* 
makes it impossible to give more than a good qualitative 
description of the industrial tempering process. Opti- 
mization of this process, however, is economically essential 
for the glass industry. The shape of the object (usually in 
the form of a shaped flat plate) to be tempered in 
practice and its chemical composition are predetermined. 
Hence, optimization can be obtained only by a proper 
choice of the initial temperature and cooling rate. Experi- 
ments have been conducted to see how these conditions 
influence the transient and final residual stresses and the 
breaking strength of common plate glass. 

Experiments were carried out on rectangular specimens 
of different dimensional ratios. The breaking strengths of 
various groups were determined in a four-point loading 
system. It was observed that fractures usually originated 
in a preferred zone near the middle of the specimens. 

The mid-plane tension or the degree of temper can be 
determined accurately by measuring the corresponding 
birefringence with graduated quartz wedges or, preferably, 
with a Babinet compensator.' This method, however, is 
limited to tempered specimens up to about 5 cm wide. 
The scattered-light oblique-incidence technique with a 

Commonly known ar plate glass' or 'sheet glass'. 
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laser was developed2 to measure the stresses in a large 
sheet of tempered glass. This method, in its normal 
incidence mode, has been applied to measure the degree 
of temper in small rectangular specimens. It was noted 
that there were discrepancies, far beyond the error of 
measurements, between the values of the central mid-plane 
tension determined by the scattered-light technique and 
those measured by the compensator method. The differences 
in the two values were found to be influenced by the 
geometry of the specimens. 

In an attempt to use the ion-exchange method of flaw 
detection to obtain a measure of the influence of tempering 
conditions on the density of flaws on the surface of 
tempered glass, it was observed that the resulting crack 
directions also were influenced by the geometry of the 
s~ecimen. 

A simple model of stresses has been found to be suitable 
for the complete analysis of three-dimensional stress 
components in a tempered glass specimen. This model 
was developed primarily for setting up photoelastic 
equations. The complete stress state can be determined 
then by conventional photoelastic methods. Knowledge of 
stress distributions can be used to explain the influence of 
geometry on the breaking strength, the discrepancy 
between the scattered-light and the transmitted-light 
values of stresses, and the mode of ion-exchanged crack 
propagation. 

A technique was developed that used this model and 
birefringence measurements to compute the cooling rate 
of specimens subjected to the usual methods of cooling 
glass. In this way, particular industrial cooling conditions 
could be related to the corresponding heat-transfer rates 
without any of the uncertainties and difficulties associated 
with the methods it replaced. 

Thermal Tempering 

The process of thermal tempering involves heating the 
glass to a temperature higher than 600°C and then sub- 
jecting it to rapid cooling, either by forced convection or 
by mechanical contact. This results in an approximately 
parabolic stress distribution in the glass plate with com- 
pression at the surface and tension in the mid-plane. The 
compressive stress at the surface is nearly twice the tensile 
stress in the middle plane. The mid-plane tension seems to 
give a measure of the stress distribution and is commonly 
referred to in the literature as 'degree of temper', often 
represented by the corresponding birefringence per unit 
length. The stress condition is interpreted on the basis of 
the phenomenological photoelastic relation between stress 
and birefringence. 

Thermally tempered glass, popularly known as 'safety 
glass', is stronger than ordinary glass. This is due mainly 
to the compressive layer at the surface. The surface 
compression also enhances the resistance to abrasion. 
The mid-plane tension increases the safety factor in the 
sense that if the glass breaks, it does so into small frag- 
ments that are less harmful than the sharp-edged pieces 
into which ordinary glass generally breaks. 

Theories of tempering have been developed, over the 
last twenty-five years, by Bartenev in 1948,' Aggarwala 
and Saibal in 1961' and Lee et al .  in 1965.5 Each theory 
is a refinement of its previous one, and each has its own 
merits. The theoretical basis of Lee et a l .  is closer to 
physical reality. They developed their complicated 
mathematical theory on the basic assumption that glass 
behaves as a thermorheologically simple material with a 
constant activation energy over the entire tempering range 

of temperature. Sinha6 showed that mechanical response 
of soda-lime-silica glass (which is used almost exclusively 
to manufacture safety glass) at elevated temperatures can 
be considered as rheologically simple only in its equilibrium 
structural state, but this does not apply to the unstabilized 
glass. The structure of glass is influenced by its previous 
thermal history. Sinha6 suggested that the theory of 
tempering should take into account structural changes 
during the tempering process. The variation of physical 
properties such as the linear thermal-expansion coefficient, 
volumetric expansion, Young's modulus and Poisson's 
ratio with temperature, are strongly dependent on the 
thermal history. It is impossible to develop a comprehensive 
tempering theory without giving due- consideration to 
the structure. 

Proposed Model for Stresses 

Thermally load a rectangular glass plate. Thermal 
loading can be applied in different ways but only those 
where the plate is heated or cooled uniformly and 
symmetrically over the surfaces by conduction or forced 
convection will be considered here. The forced-convection 
cooling is similar to that used generally for the industrial 
glass-tempering process. Conduction cooling is also applied 
in the form of 'contact cooling' process, but this has not 
yet been developed on a commercial basis. Let the stresses 
developed in the medium be represented by : 

In the present case, the Cartesian coordinates coincide 
with the direction of the principal stresses. For the 
boundary conditions assumed, the shear stresses are : 

i r j  

and the principal stresses are : 

Fig. I -Model of stresses in glass plate 



a. = a, i = j =  1,2.3. no sum 

The fundamental basis of the present model of three- 
dimensional stresses in a rectangular plate depends upon 
two important assumptions : 

( 1 )  Consider Fig. 1 which shows a rectangular specimen, 
the length, width and thickness of which are respectively 
2 4 ,  24  and 2P3. Heat transfer h, along the axis parallel 
to ,ul produces a pair of equal stresses a: and a:, the 
subscripts of which denote the principal directions; the 
superscripts, the corresponding heat-flow direction. The 
stresses are developed in the directions, x, and x3,  normal 
to that of heat flow, as heat transfer in the direction 
xl produces a temperature gradient in x, direction only. 
Similarly, heat transfer h2 along x2 produces d , & , and 
h, along x3 produces & ,  . The stresses developed in the 
plate due to three-dimensional heat-transfer condition 
could therefore be described as : 

(a: + 4 )  0 
a1=  [ 0 (a: + 0:) 

0 0 (a:  + ' d )  1 
(4) 

i ,  j  and k are to be taken in a cyclic order. 
(2) The second assumption is based on the conse 

of energy and this leads to the following relations : 
rvation 

Photoelastic Equations for Three-dimensional 
Stress State 

Consider a monochromatic polarized-light beam 
traversing the plate in a direction parallel to one of the 
principal axes, e.g., x, . If the beam of light is polarized at 
45 deg with either of the two principal axes in a plane 
parallel to the xl - x3 plane (Fig. 2),  then the relative 
retardation of the light beam developed in passing through 
the plate is, according to the usual assumptions of 
conventional photoelasticity, 

x, = + P2 

R2 = KC, -[,(a3 - 0 1 )  dx2 

where R2 is the total relative retardation along x2 ,  and the 
subscript to R denotes the direction of the light beam. 

a , = & + ~  (5) The stress-optical coefficient, C,  = C ,  (A), where.A is the 
wavelength of light, and K is a constant depending upon 

i + j # k  the units chosen.' 
Substituting a, and a, from eq (4) in eq (7), 

X Z =  +& 
R2 = KC, I,= - t2[(o:  + d) - + dl1 dxz (8) 

f - 
2 1 2  

/ Substituting the third pair from eq (6) in the above relation, 

x2= + R  
Rz = KC, I,= - t2(a: - d )  dx2 (9) 

The relations for the other two directions can be derived 
the same way, The total relative retardation in a light 
beam passing along xl is given by 

XI= +Pl 
R ,  = KC, I,,= - d )  dxl (10) 

and for that along the direction x3 by 

x3= +P3 
R3 = KC, jX3= - l3 (& - 0 4 )  d ~ 3  

P O L A R I Z E D  

( 1 1 )  

The general photoelastic relation could be represented by : 

// // 1 If 1 ,  2 and 3 are assigned to i ,  j  and k in a cyclic order 
in eq (12), then this relation reduces to eqs ( lo) ,  (9) and 
( 1  l ) ,  respectively. 

#I- r; 2 4  
In thermally tempered glass plates, the residual stresses 

I 
I 4, - are generated by the viscoelastic processes induced by - rapid' cooling from a high temperature. The theory of 

I I 
I tempering is not fully developed for one-dimensional heat 

h 3  transfer; the prediction of stresses for the three-dimensional 
heat-transfer condition, on the basis of rheological 

X~ 
l a  l ( h l  response of glass, is far more complicated. The solution 

Fig. 2-Proposed model showing the direction of light beam 
of -stresses produced by three-dimensional heating or 

for photoelastic-measuring technique: (a)general sketch; cooling, in an elastic medium, is available and, even 

(b) stress components in direction x ,  due to heat transfer though complicated to apply in general cases, could lead 

in direction x j  to some general understanding as to the nature of stress 



distribution in a thermally tempered glass specimen. In ( a )  i b l  

the foregoing model, the residual stresses are represented 
in terms of six components which could be determined 
experimentally. This is outlined in the following section. 

Experimental Determination of Stresses 

The relative retardation R, of a beam of light [Fig. 
2(a)] propagating along the x2 direction is given by eq (9). 
If  the retardation is measured at the mid-plane [Fig. 2(b)] 
and at P, = 0, in a rectangular specimen for which PI > > 
& , then a:. = a:, = 0 and the relation (9) reduces to 

- 

t 

where the subscript c is used to indicate measurement at 
the center and the negative sign has been deleted. 

Similarly, it can be shown from eq (11) that a beam of 
light traveling along x3 in the central area will be retarded 

by 

The stress components d, and d, can therefore be 
measured separately by the conventional photoelastic 
technique with a Babinet compensator and, hence, the 
total stress a,, = d, + a:,. The distribution of a , (=  
'd + a:) in a typical thermally tempered glass lath is 
shown in Fig. 3. 

If the scattered-light photoelastic technique2 is applied, 
then a beam of light along x, passing through the mid- 
plane of a specimen at P, = 0, will give fringes at the 
central area given by 

C T E N S I O N  I C O M P R E S S I O N  --+ 

Fig. 3-(a) distribution of a:; (b) distribution of o:; (c) resultant 
stresh distribution, a, = d + a: 

from the scattered-light fringes, provided a:, is also 

a,, - a,, = K 1 / A d  negligible, (which implies that-the width should be-large 
(I5) compared with the thickness). 

where K t  = is a constant, Ad the fringe separation 
Experiments have been performed on thermally tempered 

KC. plate glass and the results are compared in Table 1. The 

and X the wavelength. From eqs (4) and (15) we get values of d, and a:, are measured separately in glasses 
(5 cm x I5 cm) of various thicknesses from 0.63 up to  

(a:, + d,) - ( d ,  + d,) = K f / A d  (16) 2.54 cm by means of a Babinet compensator using two 
different directions of light as required by eqs (13) and 

Since a:, is negligible, ( 4 ,  + a:,) can be evaluated directly (14). Scattered-light values of ( d ,  + a:,) for the same 

TABLE I -SCATTERED-LIGHT AND BABINET MEASUREMENTS OF CENTRAL TENSION FOR TEMPERED PLATE-GLASS LATH 
(5 cm X 15 cm) OF DIFFERENT THICKNESSES (kgflcrn2 = 0.98 x 10' Nlm2) 

Babinet Measurement on the 
Basis of the Proposed Model Scattered-light Scattered-light 

Value of Value of 

Glass a:, (Tension), d, (Tension), ( a t  + d,), (a?= + d=) ,  dc, 
Thickness, kgflcrn2 kgflcm2 kgflcm2 kgflcrn2 kgflcm2 

c m ( lo5  Nlm) (1 O5 Nlm) ( lo5  Nlm) (1 O5 Nlrn) (1 O5 Nlm2) 



Fig. 4-Use of ionexchange method of flaw detection 
for the analysis of surface stresses of a tempered- 
glass lath (6 mm x 50 mm x 150 mm) on the basis 
of the proposed model of three-dimensional stresses 

specimens were determined with a He-Ne gas laser, using 
the normal-incidence technique. The agreement in the 
values of d, + of, determined by the two methods is well 
within the experimental errors. The assumption that a:,, 

a:, and d, are negligible in the central area is supported 
by the experimental evidence. Their values would be 
expected to increase as the measurements are made near 
the edges of thick specimens, but this has still to be 
established. For all the specimens of commercial importance 
(those 0.63, 0.95 and 1.27 cm thick), the measured values 
are small, even up to a distance of about 2 mm from the 
edges. The lack of resolution of scattered-light fringes in 
this area failed to give any satisfactory results. 

Measurement of a, ( = U: + d) could be made from 
scattered-light fringes using a laser beam propagating 
along the direction parallel to x,  and the following relation, 

Near the center of the lath, d, could be determined 
directly since the other stress components are negligible. 
Experimental values of 4. in all the specimens of Table 1 
were found to be equal to the corresponding values of 
of,. This has been observed in numerous specimens of 
various sizes including large commercial sheets of tempered 
glass, and the equality can be justified on theoretical 
grounds. 3-5 

It should be pointed out here that the proposed model 
of stresses in thermally tempered glass plate is derived 
mainly from the photoelastic analysis of stresses. This 
model clearly demonstrates that the integral method of 
determining the stress is completely inadequate in 
measuring the actual stress in a glass slab, unless it is 
modified on the basis of the proposed model. Consider, 
as an example, the 2.54-cm-thick glass plate in Table 1. 

n glass I 

w e d  and 
. . 

.esearch 
quoted 

. .-- 

The integral method, as practiced i~ 
throughout the world, would have mea5 
the stress in the mid-plane as 328 kgf/cm2 (321.6 x 1U" 

N/m2) (which is called d, according to the proposed 
model) and would have been more than 40 percent lower 
than the actual stress, 587 kgf/cm2 (575.6 x 105N/m2), 
me-asured by the scattered-light technique. The present 
model, however, shows that the actual stress can be 
measured, without resorting to scattered-light techniques, 
if the measurements are performed according to the 

method presented. The mid-plane stress in this glass, 
measured by the new method is 588 kgf/cm2 (576.6 x 
10' N/m2), which is within the experimental error of that 
measured by the scattered-light technique. 

Preferred Fracture Zone in Tempered 
Glass Lath 

The rupture strength of glass is always determined by 
the four-point bending system. Reported values for the 
strength of glass are, in effect, a measure of the surface 
weakness. Fracture always propagates from surfaces in 
tension, and originates at cracks (Griffith cracks, and 
cracks due to abrasion) and various surface flaws in the 
glass. Thermal tempering increases the strength by super- 
posing a compressional stress on the surface. The author, 
however, has found that the improved strength of 
tempered glass is not due to the superposition of surface 
compression alone.' The process of thermal tempering 
also improves the distribution of surface flaws, and this 
depends entirely on the tempering conditions chosen. For 
a given tempered glass specimen having a certain flaw 
distribution, the fracture will most probably originate in 
areas of lower surface compression when subjected to 
external forces. The surface compression, a,, acting in 
opposition to the applied bending stress in a four-point 
loading system, is shown in Fig. 3(c). The minimum 
surface compression is in the middle section; this explains 
why the fracture propagates more readily in this area. 

The strength of tempered glass cannot be related only 
to the degree of temper, d, as is done in the literature, 
without taking into account the distribution of d. The 
same degree of temper can be achieved by keeping heat- 
transfer rate, ha, the same and varying the lateral-stress 
distribution, u?, by changing the corresponding heat- 
transfer rate, h,, resulting in a different total-stress 
distribution. 

Ion-exchanged Crack Direction in Tempered 
Glass Plate 

The ion-exchanged technique of flaw detection in soda- 
lime-silica glass developed by Kraus and Darby,O has been 
used extensively by Ernsberger9 for the detection of 
strength-impairing microcracks in glass surfaces. The 
method consists of replacing the sodium in glass by lithium 
which, being smaller in atomic size than sodium, produces 
tension in the surface, thereby helping the propagation of 
cracks from microcracks. 

In an annealed glass specimen, the cracks propagate in 
various directions, depending on the random characteristics 
of the original sources. In a tempered glass, cracks 
propagate only if the ion-exchanged tension is greater 
than the surface compression, and it can be shown that 
they will propagate in a direction parallel to the initial 
maximum compression. Thus, the crack direction could 
give a measure of the relative magnitude of the principal 
surface compressions. The discussion of these cracks will 



be limited to the middle section of a tempered glass lath. 
The stresses at the surface are a], = d, + d and ah = 

d, + a: where the subscript 's' is used to denote the 
surface value according to the model of stress components 
proposed earlier. In the middle section of a rectangular 
lath, a: = 0. The effective stress for crack propagation at 
the surface after ion exchange, will be the difference 
between the stresses (4. + d) - a, and d. - a, where 
aL is the applied tension due to the lithium ions, and 
cracks will propagate in the direction of larger compressive 
stress. The isotherm on the surface, due to the uniform 
and symmetrical heat transfer along x3 during tempering, 
produces equal stresses through the thickness. This has 
been verified experimentally for the mid-plane stresses by 
the scattered-light technique, and has already been shown 
while discussing the techniques of measuring stress com- 
ponents. If extended to the surface stress components, 
then d, = &. Therefore,, the ion-exchanged crack 

direction depends upon the distribution of 4. An example 
is shown in Fig. 4 for a 0.63- x 5- x 15-cm tempered glass 
plate. In the central region AA ', C$ is tensile and therefore 
the compression along x2 is greater than along X I ,  and the 
ion-exchanged cracks are parallel to x2.  In the regions 
OA and A'O ', the component d is compressional, thereby 
reinforcing the compression along X I ,  and the cracks run 
parallel to this direction. This is illustrated in the photo- 
graph portion of Fig. 4 which shows cracks on the surface 
of a specimen for which the stress component is given. 

The agreement between the prediction of the change of 
crack direction, on the basis of the proposed model, and 
the experimental observation is good, but not beyond 
criticism. The change of crack direction does not appear 
to take place exactly along the lines through A and A ' but 
closer to the edges. This may indicate that 4 is not 
constant through the thickness near the edges as postulated, 
or it could be due to the slight inequality between d, and 
4, near the edges, because the boundary condition at the 
edges dictate that d = 0. 

A New Method of Determining Heat-transfer 
Rate During Quenching 

The rate of dissipation of heat during quenching has 
been determined by various authors from the temperature- 
time curves recorded by means of thermocouples embedded 
in gold, silver and copper plattens subjected to a thermal 
cycle similar to that of tempering. Although this method 
is commonly used, it is subject to serious error. 

Metal conductors behave differently from glass as far 
as heat conduction is concerned. Metals have surface 
characteristics that are at variance with those of glass. In 
the case of silver or copper plates, the surface layer of 
oxides decreases the heat flow, but this can be corrected 
by coating such laths with gold or rhodium. The author's 
experience has shown that the applied layer of gold or 
rhodium must be of appreciable thickness, so that the 
conductivity of the surface layer is distinct and different 
from the bulk of the plate. Moreover, the thermocouples 
embedded in the plate break the continuity of the medium. 

It would appear desirable that, if possible, the glass 
itself be used for the determination of heat-transfer rate. 
A survey of literature indicated that the only worker so 
far to use glass in this way was Acloquelo who used the 
appearance of birefringence in a glass lath, subjected to 
the tempering process, for the determination of heat- 
transfer conditions. His method, however, is open to 
serious criticism. 

Acloque assumed that the stress-optical coefficient is 

0 0  1 I 1 I I I I 
10 2 0  3.0 50 100 200 30.0 500 

COOLING TIME ( s  ) 

Fig. 5-Theoretical time-temperature curves for glass plate of 
thickness 0.59 cm cooled symmetrically with heat-transfer 
coefficient of 0.01 callcm2 s " C  (418.7 Wm-'K-I) 

zero for plate glass at temperatures higher than 620°C, 
which is known to be not valid. Sinha6 showed that the 
stress-optical coefficient of annealed plate glass was 
independent of temperature up to the upper part of the 
transformation range, around 600°C, and apparently 
decreases at temperatures higher than 600°C at a rate 
dependent on the wavelength of radiation in the spectral 
range, 400 to 850 nm. In the visible range, it was shown 
that the stress-optical coefficient at 650°C is only 20 
percent lower than the corresponding room-temperature 
value. Moreover, Acloque relied on Bartenev's3 tempering 
theory for predicting the transient stress or strain condition 
in glass undergoing heat treatment. Bartenev developed 
his theory primarily to give a measure of final residual 
stress in an infinite plate. Gardon" showed that Bartenev's 
method gives quantitative agreement with the final stresses 
for a moderate cooling rate but does not agree with high 
rates of quenching. Bartenev introduced the concept of a 
moving solidification boundary, above which stresses relax 
immediately and below which no relaxation of stress 
occurs. This is believed to be invalid, and Sinha6 showed 
that, even at 620°C, the stress relaxation time of plate 
glass is close to 10 s. 

The method to be presented here utilizes the transient 
thermal stress-induced birefringence in glass plates at 
temperatures much below the transformation range,* 
where the stress relaxation time is of the order of years, 
and the material can safely be considered as perfectly 
elastic. 

Consider a rectangular plate (Fig. 2) 2s thick, initially 
heated to a uniform excess temperature, 0,,  over the 
ambient temperature and subjected to a symmetrical 
forced cooling with a heat-transfer rate of h3 along x3 at 
the surfaces x, = + s (please note : & has been replaced 
by s for convenience). 

The temperature 0 ,  at any time 7, of a plane at a 
distance x3 from the mid-plane of the plate is givenI2.l3 by, 

m 

0 2 sin 4, 2 Br - = C  e - @ n T c ~ s ( ~ )  4 X3 (18) 
0, . = , 4, + sin 4, cos 4, s 

where 4.s are the roots of a transcendental equation 

* The term 'transformation range' is commonly used in glass literature to 
indicate the range of temperature where the tensile viscosity is in the 

neighborhood of 1 0 ' ~  poise. 



The average temperature at the considered time is given 

by 

From eqs (18) and (20) 

For the condition where 0, is much below the transformation 

range, the thermoelastic stress of d at X3 and time 7 is 
S 

where E ,  a and v are, respectively, Young's modulus, 
coefficient of linear expansion and Poisson's ratio. 

The corresponding birefringence along x2 at PI = 0 in a 
rectangular specimen, PI > > P3 (for which u: and a: are 
shown to be negligible) is given, substituting from eq 

(22) in general eq (13), by 
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Fig. 6-Variation of the difference of temperature 
0 

between the mid-plane and the average, ' - 
with time for various heat-transfer rates, 
showing the maximum differences 

where 

200 4 0 0  600 BOO 1000 - 
Fig. 7-The maximum difference of the mid- 
plane and the average temperature as a 
function of the coefficient of heat-transfer rate 

Thus, the relative retardation is a direct function of 
(13/8, - 8. ../8,) for a given specimen and for a given 
initial temperature. 

From eqs (21) and (23), 

EaO, 2 sin 4. 
R2 = 2t'zKC,- { z 

1 - v .=, (+,,+ sin+, cos4,) 

Theoretical temperature-time curves for a glass plate 
0.59-cm thickness cooled symmetrically with a heat-transfer 
coefficient of 0.01 cal/cm2 s OC(418.7 Wm-W1) are 
shown in Fig. 5. The numerical evaluations are based on 
material properties given in Table 2. 

Figure 6 shows the variation of (8,/Oi - Om.. /Oi) with 
time for a few different heat-transfer rates. The subscript 
c is used to indicate the center or middle-plane value. The 
maximum value of (8./Oi - O.../O,) is a function of heat- 
transfer rate and its variation with this rate is given in Fig. 
7. The method of determining the heat-transfer rate is 
thus reduced to the measure of the maximum relative 
retardation in the mid-plane of a glass plate of given 
thickness, undergoing heat treatment, provided the initial 
temperature of the glass is known. 

In this treatment, transfer of heat due to radiation and 
its effect on thermal conductivity are neglected. It has 
been observed by many researchers that the thermal 
conductivity of glass depends on the method of determining 
its value. This is due to the interplay of true thermal 
conductivity and the heat loss due to radiation and, 
hence, the term radiation conductivity was introduced 



into the glass literature. GardonIs has shown that, as the 
external heat-transfer rate increases, the measured thermal 
conductivity approaches the true value of thermal con- 
ductivity. This is due to the greater relative decrease of 
radiation loss compared with the conduction loss. At high 
rates of cooling, as used in the present experiments, 
radiation loss amounts to only a small fraction of one 
percent and therefore may be neglected. 

Experimental Determination of 
Heat-transfer Rate 

A glass specimen 5.9 mm x 25 mm x 150 mm, was 
supported by a special tong designed for rigidity. The 
tong was equipped with an adjustable pressure mani- 
pulator for controlling the required minimum penetration 
of the tong in the glass at high temperature. The specimen 
and the optical system were arranged to remain stationary 
while the furnace and cooling unit, mounted together 
(Fig. 8) on a carriage, moved back and forth by means of 
a crank and pitman, activated electrically by a micro- 
switch at a predetermined time. The furnace was controlled 
to give uniform temperature distribution within the 
specimen, and was equipped with sliding doors that 
opened and closed automatically as the carriage supporting 
the furnace was moved to accommodate the specimen. 

A collimated and linearly polarized (45 deg to the 
vertical) light beam entered the furnace through a circular 
hole at the rear wall of the furnace, passed through the 
specimen and entered a divided optical imaging system, 
shown schematically in Fig. 8. One part of the light beam 
continued in its original direction and formed an image of 
the specimen on a white screen with a centrally located 
hole. An analyzer with a matching hole produced the 
isochromatic pattern on the screen for direct viewing and 
assisted also with sample alignment. The undisturbed 
portion of the beam, going through the holes in the 
analyzer and the screen, entered an automatic analyzer16 
which recorded the mid-plane birefringence as a function 
of time on an x-y recorder. Another part of the original 
light beam produced an image of the specimen on the rear 
surface of a pair of quartz wedges, forming a system of 
interference fringes, which were photographed (Fig. 9) by 
a motor-driven 35-mm Nikon F camera. Both the camera 
and the automatic analyzer were triggered by a microswitch 
operated by the cooling unit. 

AUTOMATIC SP(ARM0NT 
RECORDER 
I IIMPCIE-FORMING 

Fig. 8-Schematic 
diagram of the experi- 
mental system 

Two types of cooling units were used : a forced- 
convection system and a contact-cooling system. The 
former consisted of a pair of oscillating slotted frames 
mounted on the furnace carriage. The air was forced 
through the slots to the specimen, and the preselected air 
pressure was regulated by a gage and a manometer. The 
contact-cooling unit consisted of a pair of specially 
designed metallic blocks, covered with fiberglass cloth and 
associated air manifolds at the edges which was used to 
control the edge cooling. The blocks were maintained at a 
given temperature by a water jacket and controlled by a 
constant-temperature bath. The blocks were actuated by 
an air cylinder to a predetermined pressure at a pre- 
determined time. The cooling units were interchangeable 
and both were activated by a microswitch operated by the 
movement of the furnace through a system of timers. 

An experimental observation (8; = 160°C) of the 
change in relative retardation at the mid-plane with cooling 
time, for the forced-air cooling, is shown in Fig. 10. The 
relative retardation reaches its maximum value of 285 
nm/cm about 6 s after the start of cooling. This maximum 
value of R2 gives, using eq (24) and Table 2, the corres- 
ponding maximum value of (8, - 8...)/8, as 0.1027 which 
gives the corresponding heat transfer coefficient of 0.0075 
cal/cm2 s " C(314 Wm-2K-') from Fig. 7. 

To check the validity, theoretically predicted values of 
mid-plane retardation for different times corresponding to 
the heat transfer rate of 0.0075 cal/cm2 s "C(314 Wm-'K-') 
were calculated using eq (25). Experimental and theoretical 
results are compared in Fig. 10. Considering the errors 
involved, agreement is fairly good. It is concluded that 
the method of determining the heat-transfer rate from the 
transient birefringence in a glass, induced thermally by 
forced convection, gives fairly accurate and satisfactory 
results. This method has been used extensively to calibrate 
the cooling rates for various air pressures and the results 
have been compared in each case with the corresponding 
theoretical predictions. Experiments were also carded out 
by varying the initial temperature. However, the upper 
limit of usable temperature is limited by the strength of 
glass, and also by the condition that glass should be in the 
elastic region. 

Agreement between experimental observations and 
calculated results, for contact cooling, was unsatisfactory. 
An example is shown in Fig. 11 for two different initial 
temperatures. Both the experimental observations give the 
same heat-transfer rate, but both differ from the theoretical 
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curves in a similar manner. The disagreement is primarily 
due to the variation in the ambient temperature, in this 
case, the temperature of the cooling blocks. Thermocouples 
embedded in the cooling block indicated a gradual rise of 
the ambient temperature, which resulted in the gradual 
decrease in the heat-transfer rate with time. Heat-transfer 
rate, determined from the maximum relative retardation, 
gives a value lower than the actual rate during the first 
5 s and a higher value after this time. Experience shows 
that thermal tempering is complete within the first 10 s at 
this rate of heat transfer. The experimentally determined 
value of the heat-transfer rate, therefore, may be con- 
sidered as an average rate within the tempering time. 

PHYSICAL IES 

True thermal conductiv~ry,,- : K = U.UUL I callcrri -L s 

= 0.8793 WlmK 

Volumetric specific : ec = 0.6 callcm3 "C = 2. 
Jlm3K 

k 
Thermal diffusivity2 : 0 = - = 0.0035 cm21s = 3.5 x ' 

e c 

Young's modulus of plate glass3 : E = 7.6 x l o5  kgflc 
= 7.4526 X 10'' . . 

for a laboratory-annealed plate glass. 

Poisson's ratio of plate glass3 : u = 0.201. 

Coefficient of linear expansion : a = 7.7 x 10-61K 
between 21 -200 O C 

Stress-optical coefficient of plate glass4 at room temperature : 
C, (for A = 538 mm) = 2.414 (loL3 dlcm2)-I = 2.414 (1012Nlm2)-1 

K = 0.980665 when R is measured in nm for optical path length 
of 1 cm, stress in kgflcm2 and C, in (1 013 dlcm2)-I 

E a  - 17.34 C-I Q = KC, - - 
1 - u  

when R is in nm/cm,C. in (10'V1cm2)-', E in kgflcm2 

Q = 17.34 X 1 0-7 K-', when R is nmlm, C, in (N/mZ)-l, E in Nlm2 

Notes : 

(1) Mean value between 25 and 300°C, see Ref. 15. 
(2) k/ec can be taken as independent of temperature within 

the present experimental range of 20 to 20OoC, Ref. 15. 
(3) The value is taken as average between 20 - 200°C, and 

cnanges llttle within the present range of temperature of 
this experiment (see Chapter 4 of Ref. 6). 

(4) The values of C, have been determined at various tempera- 
tures (Ref. 6). 

For contact cooling, the foregoing method was found 
to be useful for evaluating a design criteria of cooling 
blocks and in making proper judgment of the corres- 
ponding efficiencies. (A detailed account of this aspect is 
outside the scope of this paper.) 

Fig. 9-Photographic illustration of the transient Discussion 
birefringence 'n a glass plate (0.59 x 2.5 x 15.0 
cm) subjected to contact cooling. 0, = 114"C, 

The 'Achilles heel' of toughened safety glass, as 

ave h3 = 0.031 callcm2 s OC (1298 Wm-'K-I). mentioned by Garden," is its edges. Relatively light 

Sequence of time, in seconds, is as marked. impact at the edges with a sharp object can cause failure. 

White light has been used to illustrate the The weakness of the edges can be improved by introducing 
movement of the neutral fringe a high level of compressive stresses in these regions during 
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Fig. I 1  -Mid-plane through retardation of 
plate glass. 0.59 cm thick. during contact 
cooling by copper plattens covered with 
0.01 78-cm fiberglass, contact pressure of 
2.63 kgflcm2, initial temperature as shown. 
The theoretical curve for h = 0.01610 
callcm2 s " C  (674 Wm-2K-1) 
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the tempering process. This model of stress distribution 
proposed in this presentation is also applicable to large 
plates of tempered glass. The edge compression can be 
controlled by a proper choice of the lateral heat-transfer 
condition during the tempering process resulting in a 
glass with stronger edges. 

Summary 

A simple model of the stress state has been presented 
for thermally tempered glass plate. The developed model 
is used for setting up the photoelastic equations that can 
be used to determine completely the three-dimensional 
stress field. Apart from explaining the discrepancies 
between the actual stress, determined by scattered-light 
technique, and the conventionally measured stress, the' 
new model explains the existence of a preferred fracture 
zone, and the futility of trying to establish strength-degree 
of temper relationship without clarifying the lateral stress 
distribution. The model could be used as a guide for 
controlling the stresses in thermally tempered glass plate 
by programming the various heat-transfer rates during the 
tempering cycle and, thereby, optimizing the process. 

A method of determining the heat-transfer rate has 
been developed by using glass as an optical transducer. 
The technique is based on the analysis of transient bi- 
refringence in a rectangular glass specimen subjected to 
thermoelastic stresses produced by symmetrical and 
uniform rate of cooling. The method, therefore, does not 
affect the natural flow of heat induced by forced con- 
vection or contact cooling. Satisfactory results could be 
obtained for forced convective cooling. For contact 
cooling, the method provides a means of evaluating the 
cooling efficiency of the system. 
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