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Thermal fatigue life of glass subjected to air 
blast quenching 

N. KAMIYA,  O. KAMIGAITO 
Toyota Central Research & Development Laboratories Inc., Nagakute, Aichi-gun, Aichi-ken, 
Japan 

Thermal fatigue life and thermal shock severity with soda-lime-silica glass rods subjected to 
air blast quenching were measured. On the basis of the data, the validity of prediction- 
formulae for thermal fatigue life under mechanical load which were previously derived was 
discussed. The data of thermal fatigue life proved the validity of the derived formulae for slow 
cooling conditions such by air blast quenching. Moreover, thermal stress induced on the glass 
rod subjected to air blast quenching was estimated as 22 MPa by using the formulae, and was 
in good agreement with the value which was calculated on the basis of heat diffusion theory 
(30 MPa). 

1. I n t r o d u c t i o n  
In many high temperature structural applications, 
ceramic components are subject to thermal stress. 
Furthermore, mechanical stress which is caused by 
holding and/or joining are usually applied to the 
ceramic components besides the thermal stress. 
Therefore, in using ceramic components at high tem- 
perature, the prediction of thermal fatigue life under 
the presence of mechanical stress must be carried out 
to improve the reliability. 

The methods predicting the thermal fatigue life of 
ceramics have been presented by some authors [1, 2]. 
Present authors presented some prediction-formulae 
of the thermal fatigue life under the absence [3] and the 
presence [4, 5] of  mechanical stress, and proved the 
validity of  the derived formulae by the thermal fatigue 
experiments using various ceramic materials, which 
were carried out by water quenching [3-5]. However, 
the ceramic components in the heat engine scarcely 
undergo such rapid cooling as water quenching. 
Therefore, the thermal fatigue life of the ceramics 
under slow cooling has to be evaluated. The method 
of  impinging gas jet on ceramics was conducted to 
evaluate the thermal shock severity [6-8] and thermal 
fatigue life [9]. However, no reports seem to be pub- 
lished on the statistical thermal fatigue life of ceramics 
under slow cooling. 

In the present paper, the thermal fatigue life of 
ceramics under slow cooling is discussed. The thermal 
fatigue life of soda-lime-silica glass are measured and 
the prediction-formulae of  thermal fatigue life, which 
were derived in the previous paper [4], are examined to 
be valid for the thermal fatigue life under slow cooling. 

2. Experimental procedure 
2.1. Specimen 
Soda-lime-silica glass rods of 4 mm in diameter were 
used as specimen. The length of the specimen was 
75 mm for thermal fatigue test and 40 mm for bending 

test. A straight notch of 0.5ram in depth, 0.5mm in 
width and 0.25 mm in the tip radius was introduced 
to the specimen by using # 200 diamond wheel. The 
location of the notch was the centre of the specimen 
and the notch was made to be perpendicular to the 
axis. 

2.2. B e n d i n g  tes t  
Fracture strength of the specimens with and without 
notch were measured by 3-point bending in which a 
span was 40mm and a crosshead speed was 0.005 to 
5 mm min -I . From these data, Weibull modulus and 
exponent, n(V = AK~ n ; V : crack growth rate, K~: 
stress intensity factor) was determined. 

2.3. Thermal  f a t igue  tes t  
The apparatus of  thermal fatigue test is similar to that 
described in the previous paper [5]. Nine specimens 
were set up in the specimen holder. The centre of 
the specimens were cooled by blowing air of 25 -t- 
3 ° C through the copper tube of  4 mm inner diameter, 
immediately after the specimens were transferred from 
hot zone. The amount of flowing air was 1551rain 
(130msec-~). The specimens were set up so that the 
notch were exposed to the air flow and mechanical 
load was applied to the opposite side of  the notch 
through a stainless wire connected to a dead weight. 
The thermal stress induced by air blast quenching and 
the mechanical tensile stress by dead weight were 
superimposed at the notch. The holding time of the 
specimens in the hot zone and cold zone were 30 
and 10rain, respectively. The number of cycles at 
which each specimen broke was recorded on a digital 
counter connected to each stainless wire. The maxi- 
mum number of  thermal cycles was limited to 1000 in 
this experiment. 

The thermal shock severity, AT, which was the 
temperature difference between the furnace and the 
atmosphere, was varied from 140 to 220 ° C. Mechanical 
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Figure l Temperature changes on the surface of copper rod for 
various cooling condition (air blast quenching, water quenching 
and air cooling). 
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Figure 2 Distributions of flexural strength for soda-lime-silica glass 
rod with and without notch. 

stress, O'MO , which was the maximum bending stress 
caused by dead weight, was varied from 11.9 to 
21.5 MPa. The number of specimens was 9 or 18. 

The distribution of fracture temperature difference 
at which the specimen failed, was studied. In studying 
the distribution of fracture temperature difference, 
first thermal shock test was carried out at the lower 
temperature difference than the minimum of the frac- 
ture temperature difference. After the thermal shock, 
cracks in the specimens were examined using micro- 
scope. If no cracking occurred, the temperature dif- 
ference was increased in 10 ° C intervals until cracking 
was observed. The mechanical stress, aMO of 21.5 MPa 
was applied to the specimen. The number of speci- 
mens was 18. 

To evaluate the cooling effect by air blast quench- 
ing, the temperature change of the copper rod (5 mm 
diameter and 75mm length) with a thermocouple 
welded on the surface was measured after the copper 
rod was heated up to 250 ° C and was exposed to air jet 
(Fig. 1). The temperature changes were measured in 
both plunging the copper rod in water at 30°C and 
keeping that in atmosphere. The temperature changes 
are 8,200 and 1 ° C sec ~ for air blast quenching, water 
quenching and air cooling, respectively. 

3 .  R e s u l t s  
3.1. Flexural strength 
The distribution of flexural strength for the specimen 
with and without the notch is shown in Fig. 2. The 
average flexural strength and Weibull modulus for the 
specimens without the notch were 208 MPa and 4.5, 
respectively. On the other hand, the average flexural 
strength an d Weibull modulus of the specimens with 
the notch were 55.6 MPa and 7.5, respectively. Intro- 
ducing the notch decreased the average flexural 
strength by 73% and increased the Weibull modulus 
by 66%. 

The dependence of the flexural strength of the 
notched specimen on cross head speed is shown in 
Fig. 3. From the gradient of the linear line described 
in Fig. 3, the value of exponent, n is obtained as 15.6, 
which is in good agreement with the literature values, 
16.6 [10] and 17.2 [lll. 

3.2. Fracture temperature difference 
The distribution of fracture temperature difference, 
ATr for air blast quenching is shown in Fig. 4 for the 
notched specimens under the presence of the mechani- 
cal stress, aMO, of 21.5 MPa. 

The values of fracture temperature difference are 
widely distributed from 250 to 390°C as well as that 
of flexural strength. The average value of the fracture 
temperature differences and the gradient determined 
by linear regression analysis (Fig. 4) are 299 -4- 32°C 
and 10.7, respectively. 

3.3. Thermal fatigue life 
The distributions of thermal fatigue life of the notched 
specimens subjected to repeated air blast quenching is 
shown in Fig. 5. Fig. 5a shows those for various 
temperature difference under a constant mechanical 
stress, aMO, of 21.5 MPa and Fig. 5b shows those for 
various mechanical stress under a constant tempera- 
ture difference of 220 ° C. As shown in Figs 5a and b, 
the datum of thermal fatigue life for constant values of 
aMO and AT agrees with the fitted lines obtained 
by linear regression analysis, and the lines for dif- 
ferent values of aMO and AT are almost parallel to one 
another, which are the same with those for soda-lime- 
silica glass rod subjected to repeated water quenching 
[41. 

4 .  D i s c u s s i o n  

4.1. Thermal fatigue life 
In the previous study [4], the formulae for predicting 
the thermal fatigue life of ceramics under mechanical 
load have been proposed and the validity of these 
equations have been proved by measurements of ther- 
mal fatigue life of soda-lime-silicon glass rod [4] and 
sintered mullite rod [5] subjected to repeated water 
quenching. The prediction-equation are as follows: 

l n l n ( 1  - ~ )  = --mlnN+n --drnln~rM°n 

(n - ~)m 
+ In A T + C1 (1) 

n 

OMO O'MO -- - (2) 
n -- d aTO k A T  
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Figure 3 Dependence of flexura] strength on stressing rate for soda-lime-silica glass rod with notch. 

where Fis  cumulative failure probability, N is thermal 
stressing cycle (thermal fatigue life), ~r~o is mechanical 
stress applied to the ceramics, aTO is maximum ther- 
mal stress, n is exponent (V = AK~ ), d is a constant 
given by a ratio of aMO and ~rTo, and C~ and k are 
constants, respectively. From Equation 1, it is under- 
stood that In ln(1/1 - F )  plotted as a function of 
In N makes a linear line with the gradient of  m/n for 
fixed values of  ~rMO and z% 7'. 

As seen in Fig 5a and b, the experimental data for 
a fixed value of AT and aMO well fits the straight lines 
determined by the linear regression analysis, and the 
lines run almost parallel to one another. These linear- 
ity and parallelism of  the data are considered to prove 
the validity of  the derived prediction-formulae for 
thermal fatigue life under slow cooling condition as 
well as rapid one such as water quenching. 

For  constant values o f F a n d  O-MO and those of  F a n d  
AT, the following equations were derived: 

in N - --(n -- d) In AT + C 2 (3) 

l n N -  --dlnaMo + C3 (4) 

where C2 and C3 are constants. Equation 3 and 4 
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proves linear dependence of in N on In AT and In aMO- 
To examine these relationships, the logarithm of N for 
F = 0.5 on the straight lines in Figs 5a and b are 
plotted against In AT and in aMO in Figs 6a and b. As 
shown in figures, the sets of  experimental data fit well 
straight lines given by linear regression analysis. 

The values of  n and d determined from Figs 6a 
and b and Equations 3 and 4, are 25.2 and 11.6, 
respectively. The value of  n, 25.2 is a little larger than 
that determined from the dependence of flexural 
strength on stressing rate (15.6). According to Wieder- 
horn and Bolz [10], the value of n for soda-lime-silica 
glass which determined from the K~ - V diagram is 
16.6 and according to Chandan and co-workers [11], 
that determined from the dependence of fracture 
stength on stressing rate is 17.2. 

The value of  n determined from the thermal fatigue 
life of the same kind of glass subjected water quench 
was 25.9 [4] and agrees with that (25.2) determined 
from the thermal fatigue life by air blast quenching in 
the present study. Moreover, the value of  n deter- 
mined from the thermal fatigue life of mullite sub- 
jected to water quench was a little larger than that 
determined from the dependence of  fracture strength 

Figure 4 Distribution of fracture temperature difference, AT r 
for soda-lime-silica glass rod with notch subjected to air blast 
quenching under the presence of  mechanical stress, aMo 
(=  21.5 MPa). 
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Figure 5 Distributions of  thermal fatigue life of  notched soda-lime-silica glass rod subjected to repeated air blast quenching for (a) a constant  
aMo (21.5 MPa) and (b) a constant  AT (220 ° C), 

on stressing rate [5], too. Therefore, it is reasonable to 
consider that the value of n determined from the ther- 
mal fatigue life is larger than that determined from the 
mechanical fracture strength and K[ - V relation- 
ships. However, the reason for large value of n is not 
made clear. 

The prediction-formulae of  thermal fatigue life, 
which took account of the dependence of slow crack 
growth on temperature, can be derived from the 
prediction formulae which was presented in a previous 
paper [3], as follows: 

I n N  Q - ( n -  f ) l n A  T +  C2 (5) 
R T  

where Q is the activation energy, R is the gas constant, 
T is the absolute temperature. 

The value of (n - f )  determined from the present 
thermal fatigue data using Equation 5 is - 2 . 1 .  This 
value can not be accepted because n > f,  which show 
that the occurrence of  large value in n obtained from 
Equation 3 and thermal fatigue data cannot be attri- 
buted to the dependence of slow crack growth rate on 
temperature. 

As described above, the values of n determined from 
thermal fatigue life are larger than those determined 
from the dependence of  fracture strength on stressing 
rate and K~ - V relationships, and the large value of 
n obtained from Equation 3 cannot be attributed to 
the dependence of slow crack growth rate on tem- 
perature. Therefore, it is reasonable to consider that 
the large value of n obtained from thermal fatigue life 

is attributed to the fatigue fracture through repeated 
thermal stress, though the reason for the large value of 
n is not made clear. 

The values of m obtained from the value of n deter- 
mined from the thermal fatigue data and the gradients, 
m/n,  of the regression line shown in Figs 5a and b are 
shown in Table I with those obtained from the flexural 
strength distribution and the values of n determined 
from various test data. The values of m determined 
from the thermal fatigue life are 12.1 to 16.3 and 60 to 
120% larger than that determined from the flexural 

strength distribution, 7.5. Notwithstanding the frac- 
ture origins were the introduced notches for both the 
thermal fatigue fracture and bending fracture, both 
the m values are different as described above. More- 
over, the gradient of the regression line for the fracture 
temperature difference distribution (Fig. 5) is 10.7. 
According to Equation 1, the critical temperature 
difference distribution for only one thermal cycling 
(N = 1) is described as follows: 

l n l n ( 1 - ~ ) -  (n - #)m ln 

go m 
+ ~ In aMO + CI (6) 

n 

Equation 6 show that fracture temperature difference 
distribution gives the straight line whose gradient is 
(n - Y)rn/n. The value o f m  is obtained as 19.8 from 
the gradient of the regression line (Fig. 4) and the 
values of n and (. This value is 2.6 times larger than 

T A B L E I m, n and 1 obtained from thermal fatigue life, A Tf distribution and flexural strength for notched soda-lime-silica glass rod 

Thermal  fatigue AT r distribution Flexural strength 

Test condition m n l m m n 

AT (° C) aMo (MPa) 

260 21.5 12.6 
22O T 16.3 
180 T 14.6 
140 1" 12.1 
220 16.7 16.8 

1̀  14.3 7.6 

25.2 11.6 19.8 7.5 15.6 
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Figure 6 Dependence of thermal fatigue life for notched soda-lime-silica glass rod on (a) temperature difference, AT and (b) mechanical 
stress, O'MO. 

that determined from the flexural strength (7.5) and the 
same as those determined from thermal fatigue life 
(12.1 to 16.3). As described above, the value of m deter- 
mined from mechanical flexural strength is different 
from those determined from thermal fatigue life and 
critical temperature difference. The reason for this 
difference was not made clear in the present study, but 
is considered to be attributed to the difference of the 
kind of stress, thermal stress and mechanical stress. 

4.2. Estimation of thermal stress 
By using the values of n (25.2) and ((11.6) obtained 
from thermal fatigue life and Equation 2, the thermal 
stress aTo induced on the surface of the soda-lime- 
silica glass rod of 4 mm diameter subjected to air blast 
quenching under the temperature difference of 220°C 
is estimated as 22 MPa. The sum of the stress induced 
on the surface of the specimen through the mechanical 
bending (17 to 22 MPa) and air blast quenching is 39 
to 44 MPa. These values agree rather well with the 
mean value of flexural strength (56 MPa). 

Thermal stress on the surface of a cylinder can be 
analytically estimated as follows [12]; 

_ E~AT { ~= Jl(tln) 
2 2 ~ T ( R ,  t )  ('i- Z v )  2 1 (/32 ..jr. lln)J6 (tln) 

X [2Jl(Y/n ) - -  q, Jo(~,)] exp (--tl2,~ct/R2)} 

(7) 

where E is Young's modulus, v Poisson's ratio, ~ the 
coefficient of thermal expansion, /3 Biot's modulus 
(/3 = Rh/k), R the cylinder radius, h the heat-transfer 
coefficient, k thermal conductivity, ~ thermal diffusiv- 
ity, J0 and J~ the Bessel functions of the zero and first 
order and t/, the root of /3Jo(q,) - t/,J](q,) = 0 
(n = 1 ,2 ,3  . . . .  ). 

Heat-transfer coefficient, h, is given for a fluid 
stream flowing against a cylinder as follows [13]; 

/0o.4 U o.5)[ 
r j 

h = 0.535 vO.SBO.5 (8) 

where Pr is Nusselt number, Uj the velocity of the 
air flow, 2 thermal conductivity, v kinematic viscosity 
and B the diameter of the nozzle from which the 
air is blown off. The following values were used in 

the present analysis; Pr = 0.71, Uj = 130msec - l ,  
2 = 0 .022kcalm-lh- l°C,  v = 1.56 x 10-Sm2sec -l .  
The heat transfer coefficient was calculated as 
421kca lm2h- l°C ~ by using the above described 
values and Equation 8, and agreed well with the litera- 
ture value (432 kcal m -2 h -  ~ o C-~ : air flow rate = 
98msec -~) [14]. 

The maximum thermal stress is obtained as 
30.0 MPa at the time of 1.3 sec. after the start of air 
cooling by using Equation 7 and the heat transfer 
coefficient estimated (421kcalm-2h ~°C-1), and 
agrees with that (22 MPa) determined from the ther- 
mal fatigue data and Equation 2 which was derived by 
present authors. These facts show that the prediction- 
formulae Of thermal fatigue life for the ceramics under 
the presence of mechanical stress which have been 
derived by present authors are applicable not only for 
the thermal fatigue of the ceramics subjected not only 
to rapid cooling but also to slow cooling. 

5. Conc lus ions  
(1) Experimental examination showed the distri- 

bution of thermal fatigue life of soda-lime-silica glass 
rod subjected to air blast quenching can be presented 
by Weibull statistics. 

(2) The prediction-formulae of thermal fatigue life 
of ceramics which have been derived were proved to 
be valid for the thermal fatigue life of ceramics sub- 
jected to slow cooling condition. 

(3) Thermal stress induced on the glass rod sub- 
jected to air blast quenching (25 ° C) is estimated as 
22 MPa, which is in good agreement with the calcu- 
lated value (30 MPa). 
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