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THERMAL SHOCK RESISTANCE OF TRANSPARENT CERAMICS, I. 

D. P. H. Hasselman 
' 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, College of Engineering, 

University of California, Berkeley, California 

July 8, 1965 

ABSTRACT 

· The hypothesis is advanced that semitransp~rent ceramics under 

conditions of radiation heating have greater resistance to fracture by. 

thermal shock than opaque ceramics. In semitransparent ceramics 
. . 

radiant' heat can be transferred within the specimen being ,heated, rather 

than being absor.bed at the surface. Temperature differences within the 

·specimen are therefore reduced, resulting in a lower thermal stress 

level. 

An approximate derivation is presented for the maximum tem­

perature of a surrounding black-body source to which spherical shape's 

can be ·submitted without fallure composed of ma:terials the infrared 
. ' 

absorption properties of which can be described to a good approxima- . 

' 

tion to be completely transparent below ~i" given wave length and entirely .. 

opaque above this wave length. Thermal stress resistance parameters 

·are obtained. A calculation comparing the thermal shock resistance of 

. transparent and <?paque alumina spheres shows the transparent spheres 

· to be far superior. 

At the time ~his work was· done the writer was graduate research 
assistant, Inorganic Materials Research Division, Lawrence Radiation 
Laboratory~· and .graduate student, Department of Mineral Technology,. 
University of California~ Berkeley, California. · · 
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I. INTRODUCTION 

The thermal shock resistan.ce of most refractory ceramics is 

quite low, generally due to low strength, low thermal conductivity; 

high coefficients of thermal expansion, and high values of Young's 

. modulus of elasticity. Many theoretical studiesi-5 have shown that 

even in the best ceramic materials the maximum temperature differ-
' 

encethat can be withstood within the ceramic body is quite .low. 

Recently a number of refractory oxides have been developed, 

such as alumina and magnesia, which are transparent over a consid-

erable range of that part of the electromagnetic spectrum found in heat 

transfer by radiation at temperatures usually encountered in ceramic 

technology. At these temperatures (i.e., > 1000° CL as shown else,­

where, the contribution to the heat flux by natural convection is negli~ • 

gible, the transfer of heat occurring primarily by radiation. It is 

suggested here that under these conditions "transparent" ceramics 

can be employed advantageously in many applications when fracture by 

the thermal shock constitutes a major problem. For transparent or 

semitransparent ceramics, the thermal radiation may traverse the · 

material over a considerable. distance. The. transfer of heat can take 

. place throughout the interior of .. the body rather than at the surface only. 

As a consequence, the body is heated more uniformly, thereby avoiding 

large temperature differences. 

The present paper is the first paper. in what is intended to be a 
. . 

. series discussing th_e various theoretical and experiments aspec,ts of 

the thermal shock resistanc'e of transparent ceramics. In general, the 

calculation of temperature distribution in semitransparent materials 

,. 
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he a ted by radiation is quite complex. .due to variations in reflectivity 

with angle of inciden.ce, 11 focusing effects" due to refraction effects, 
. ·· . .· . . ' . . ' 

multiple reflections within the body, and variations with wave length 

of most of the optical properties. 

This. paper presents an approximate treatment of the thermal 

shock resistan.ce of ceramics whose absorption properties to a good 
. . . . ' 

approximation can be described as being completely' transparent below 

a certain wave length and completely opaque above this wave length .. : 

II. THEORETICAL 

':. 

. ' . . ~ . 

For. the computation of the thermal stresses, discussion will i 
' ' 

be c'onfined to specimens of spherical ·shape at low initiaLtemperature .. 

· In addition, the specimens are considered to be submitted instantane :_ 

· ously into a radiation source completely surrounding the specimen. 
. . 

Also, the specimen size is considered to be small compared to the 

·surrounding radiation source. Under these conditions the emissivity 
. . 

of the source does not have to be taken into account and allows· a 
··. ,·· 

. ' .· 

"black-body" approximation to the radiant heat e~itted. 
:_-

Figure 1 shows the transmission characteristics as a function 
' : ' ' . . .. 6 . .' . 

pf wave length of three ceramic oxides. -'At short wave lengths, 

transmission takes place virtually unimpeded, the loss through the · 

specimens primarily due to· reflection at the surfaces~ .At longer wave'.· 

lengths, however. due to absorption.: transmission decreases very 

:r:apidly and becomes virtually nonexistent even for the .relative thin. 

·specimens used .. These absorption characteristics can also be shown 
. . 

. for alumina by plotting absorption coefficienfat 500°C against wave 
·•. 

.'-·.· 

. ."r 

'• .. 

I,,. • ·J. 

. 
~ 

'4o. 

~· . . 

' 
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6 length, as shown in Fig. 2. The absorption coefficient can be seen 

to increase by three orders of magnitude over a relatively narrow 

range of wave length. 

· The change in intensity of electromagnetic radiation in an ab-

7 
sorbing medium can be expressed by 

-ax e (1) 

where I = the intensity of the wave after propagation _over a distance 

X • 

I = the original intensity of the incident wave as it enters the 
0 

surface, 

and a = absorption coefficient. 

Equation (1) reveals that for sizes of specimens employed in a 
lab.oratory or practice. say greater than two inches. that for high 

values of absorption coefficient (a ~ 0. 1 mm - 1) most of the radiation 

·penetrates the body over a distance small compared to the body siz~. 

The material then can be regarded as practically opaque. For low 

values of ·a:. however, the radiation propagates through the body 

·practically undiminished and for practical purposes can be· considered 

transparent. Due to the narrow wave length interval, Fig .. · 1 suggests 

that for'silica, alumina, and magnesia the wave length separating t,he 

transparent region from the opaque region occurs at 4!J., 5!J., and 7!J.,"' 

respectively. The high absorption at very short wave length, for 
.· . . . ' . - . 

instance for alumina at X. < 0. 16 !J.. can be neglected since the con-

tribution to the total radiant heat flux at wave lengths less than this 

value can be neglected at the temperatures of radiation sources usually 
' 

encountered in practice.· Similarly,. transparency at very long wave 
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lengths can also be neglected .for the spectra'ldistribution of the 
' . . . ''• . ' 

radiation for almost all sources, but those~tvery low te~peratures, · 

which are· of no consequence in the present discussion .. The absorp­

tion properties of alumina and magnesia only increase slightly with 

temperatures, and a "cut-off11 wave length. of 5 and 7!J., respectively, 

will still hold. Silica, however, tends to become opaque; and unless 

the specimen is at low temperatures, the above discussion will require 

modifications. 

From the above, in the opinion of the author, it can be conclude.d 

that under the conditions as described (i.e.' specimen size, tempera­

ture of radiation source) that to a good approximation the abso'rphon 

characteristics of the materi~ls shown in Fig. 1 can be described to 
' ' 

be tra.nsparent below a certain wave length and opaque above this wave· 
' ' 

length. A· ca,lculation of the actual heat flux. to which a specimen is 

subjected, .. only that fraction of the total energy has to be considered · 

which occurs at wave lengths above the "cut-off11 wave length (A.). 
. 0 

The calculation ofthe fraction of the energy above a certain 

'wave length (A. ) to the total energy emitted by a radiation source can'' 
' 0 ' ., ' 

be calculated as follows: the radiant energy as a function of wave 
. ' ' ---. '... 8 

length can be expressed by the Planck equation: 

.· . ' . 

where c 1 and 'c2 are constants,' 

A. ··is the wave length, 

C A. - 5 
1 

and T is the absolute temperature~ 

I . 
' 

·. ·, ··. 
. ..... 

(2) 

' . ( :-

... 

'· 

,:. ·1_1 
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The total energy emitted by a black body at temperature T can be 

obtained by integration of Eq. (2) from A. = o to A. = oo · which results in 

W = p T 4 (3) 
A=o->oo 

where pis the Stefan-Boltzmann's constant~ 

. The fraction FA. of energy below the "cut-o~f" wave length (A
0

) 

can be defined: 9 0 

F = . A. 
0 

which upon substitution of Eq. (3) results in 

4 
W = F p T 
A=o~A :A 

0 0 

The total heat flux at wave lengths A >A then becomes 
- 0 

VI = 
A=A ~00 

0 

(1 - FA)' . p T
4 

0 

(4) 

(5) 

(6) 

* . Table II lists values' ofF A for a series of values of :A
0

T. For 
0 

instance, at 2000°K, 91.4% of the radiant energy is emitted at wave 

lengths shorter than 5 J.l.. 

With the knowledge of the heat flu?', the thermal stresses can 

now be derived. Assuming the specimen to have a low initial tem-

perature, the .heat emitted by the specimen ·d]J.ring the time until 

maximum stress can be neglected and allows the "constant~heat-flux" 

approach derived elsewrere. 
5 

The ~ate of heat absorption (q) by the 

specimen surface equals . 

q = ( 1 .., FA ) E p T 4 

0 

(7) 
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· .. _.·, 

where E: is the total hemispherical absor'btivity .in the range ofwave' ' 

· length wh~re the '·material is opaque. 

The maximum heat flux (qmax) to which a sphere can he sub­

. jected as de~ived previously5 can be written 

5Sts (1- u) k· 
qmax = b ct E (8) 

where 8ts = tensile strength 

'U = Poisson 1s ratio. 
- ~ -··. , -. 

.k = thermal conductivity 

b = sphere radius 

ct = coefficient of thermal expansion . 
~\ :. . ... ' 

E = 
.. Young 1 s modulus of elasticity. 

The maximum raaiation temperature (T ' -.) to which asphere · · . max 

can be .subjected can be expressed in terms of the, maximum h,eat flux _• 

by: 

qmax = ('1 - FA. ) E: p T!ax 
0 

. . ; 

.. (9) 

:. '_, 

Substitution ~f Eq. (9) with Eq. (8). and rearranging yields: 

(10). 

Expression~ similar to Eq. (19) can be derived for the -infinite 
.. · .. 

. cylinder 'or fl~t plate; the constant being replaced by 4.or 3,. respec­

tively. 
'\ ·I . .' .· . . . . \ . . · .. · 

A thermal stress resistance parameter -for transparent 
. '• 

ceramics with the optical characteristics, as shown in Fig. ), . <an 

' 1.' 

_1. 

. ( 



,, 

-7 ~ . UCRL-16152 

be defined by: 

Rtrans 
= r s ts ( 1 ·- v) k J 
l a E E (1 -.FA ) 

0 

1 
4 

(11) 

which.; but for tHe factor (1 - FA ) • is identical to the thermal stress 
'' 0 . 5 

parameter Rrad for completely opaque ceram1cs. 

III. NUMERICAL EXAMPLE 

At this time, as far as the author is aware, no experimental 

data exist to test the theory developed above. Instead, a sample cal-

culation is presented for the maximum temperature to which trans-

parent alumina spheres can be subjected and compared with the thermal 

·shock behavior of opaque alumina spheres. The same external condi-

tions will be assumed as for the theoretical derivations, namely, 

spheres at initial low temperature suddenly introduced in a completely 

enclosed black-body environment at high temperature. Table II lists 

the physical property values assumed for the calculation and are typi-

cal for dense polycrystalline alumina. For a given sphere size, T . max 

can be calculated by means of Eq. (10). This calculation, however, 

due to the strong temperature dependence/of the factor (1 - FA ). 
0 

requires the laborious technique of successive approximations and 

also· necessitates a table oLvalues of A T, considerably more extensive 
' 0 ' ' 

than Table I. A graphical technique, similar to the one employed 

elsewhere,
4 

was used to overcome this difficulty. The heat absorbed 

per unit area at the surfc{ce of the speCimen is plotted against the tern-

perature of the black-body enclosure. With the known value of the 

maximum heat flux (q ) calculated by means of Eq.· (8), the maximum 
max 
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temperature is readily obtained from'the temperature axis. Figure 4 
' - . ' . ' 

illustrates the graphical technique forboth transparent and opaque 
. . . . . 

• • ' ·: •• • ·.I : .• • • 

spheres. The superior thermal stress resistance of the transparent · 

ceramiCs compared to the opaque cerp.mics is quite apparent. It 

appears to be quite difficult to fracture 2 in. and 4 in. diam~ spheres 

made of transparent alumina, whereas tb.e same spheres of· opaque. 

·- ·, 

alumina can be fractured quite readily using temperatures commonly 

·encountered in the laboratory. Even a 6 in. diam sphere of the trans­

parent alumina would require a temperature in excess of its melting 

point for fracture to occur. 

.· 

In Fig. A it is of interest to note that fo~ t.he transparent spheres 

.·the heat absorbed rises approximately linearly with terp.perature rather 

than as the fourth power of temperature. This is due to the-fact that 
. . 

. the contribution of heat flux at successively higher temperatures more 

'and more occurs at wave lengths shorter than the· "cut-off" wave length ... 

of .5 li· 

Similar calculations can be carried out for other materials. 
: ' . ' . 

Due to its relative high 11 cuf-off'' frequency, magnesia should be. 

superior in thermal stress resistance to both alumina and silica under · 

the conditions. assumed. ·· · 

IV. DISCUSSION AND CONCLUSIONS 

. The results of the numerical example appear to support the 

.hypothesis of the superior. therma~ .stress resistance of transp.arent .. 

ceramics as compared to opaque ceramics. The ·assumption of· a sharp 
! ! II . . . . . . . . . 

_. cut-off wave length conceivably could intrc;>duce some error. How-· 

ever, the small quantity of radiation which penetrates the specimen to 
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some degree in the region assumed opaque is compensated for the 

partial absorption of the radiation in the region c'onsidered completely 

transparent. For materials in which the absorption coefficient rises 

slowly with wave length, the theory presented above would require 

extensive modifications, if applicable at all.. 

Many refinements are possible to make a more precise pre-

. diction of the thermal stress resistance. Inclusion of the temperature 

dependence of the physical properties of the ceramic rna terial in the 

calculation could lead to a considerable improvement. The dependence 

of emissivity on wave length, such as shown in Fig. 3, might be taken 

into account. In the numerical example presented, emissivity was 

' assumed constant and equal to 0. 80. The decrease in emissivity at 

longer wave lengths suggests that (Tma) is underestimated. More 

refined calculation of the heat flux absorbed at the surface could take 

place by summing the contribution to the heat flux over each region 

where the emissivity can be considered constant. The spectral depend-

ence in the equation can also be included in the expression for (I' ) . . max 

However, examination will reveal that the calculation of (T ) then max 

becomes rather tedious and· involved. 

The theory presented can also be applied to materials with 

different absorption characteristics. For instance, for a material 

with high absorption coefficient between wave lengths A.a and A.b 
. . 

(l,b > A.a) and practically transparent at all other wave lengths, the 

heat absorbed at the surface (q) becomes: 

{12) 

.. 
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1 I . ·:· ·" ... 

FAa and F)Lb being defined by Eq. (4) byreplac:iJ:!.gA. by )La. )Lb. 

respectively. 

The expression for .T · · · then becomes: · ·. · .·· max . · 

T max 

·2 

= [p5br (13)' 

. . . · .. · 

·.The act';lal experimental verification for the present theory may 

be difficult to perform. As shown by the results in Fig. 4, relatively 

large specirr1ens of polycrystalline alumina are required if fracture by 

·the thermal shock will occur at all.· The preparation of sufficient 
·-. . 

specimens of sufficient size and of various shapes at the pr_esent state 

of the art might be rather diffiCult. From these results, however, H. 
. . I ' 

does appear that shapes a~d objects of a size usually ~ncountered in 

· the laboratory can be used without ~ailure by thermal shock. 
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Table I. . Fracti;n (FA..) of radiant energy from a black-body sourC:e. 
. . . 0 - ~ - . 

. at temperature ( T) for a range of wave ~€mgth from 0 to\:> microns 

A. T 
.0 

500-

2~ 000 

3~ 000- . 

4~ 000 

5~ 000-

6~ 000 

7~ 0.00 

8~ 000 

9# 000 

1 0~ 000 

... 
.. 

'. 

, .. _ 

0.129x10-8 

. -4 
3. 207 X 10 

- -2 
6.673 X 10 

0.2732 

.. 0. 4809 

//0. 6337 ,. 

0.7378 

• ,0. 8081 

0.8563 

0.8899 

'0.9142 _._; 

:AT 
0 

11~ 000 

12~ 000 

13~ 000 

14~ dOO 

15~ 000 

16~ 000 -

17~ OQO 

_'18~ 000 . 

·"'. 

. ·, .. ~ ." : .. 

19~ 000 -. 

20~ 000 

00 

-· ···. 

' 

; --

·:· 

FA. 
0 

0.9318 

0. 9451 -

0. 9551 -

0.9629· 

. 0. 9689 

0.9738 
.- . 

0.9777 

. o. 9808 

0.9834 

0.9856 

1. 0000 ·_-

. ·: 

-· 

-. 

·, , ' I ~ . 

.. ,! 

" .: ~-I • 

,. . ·. ~ ; .... 
· ... ·,_-_-!''. c ••• 

. . ,._· 

.. -_._ ',. 

-. \' ·-:'· '· . 

' . : · .. 

,· ... ·,, 
. . . . . ~ . . '. d .. 

. . . 
~ . -.. 

. :· _.,._ · .. 

' ... ,.. .. ·· 

',•.:. 

··.--··. .-
. :.-. ·, ·"< ·: -... . .. :· ... 

-·"· ';-

:.. -._. ... ,-, ._, .. 
·'i 

:·.·· .... 
. '- .. 

. -~/ .... : •' 

·. ' 
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Table II. Physical properties of typical polycrystalline alumina ceramic 

Tensile strength (S.._ ) 
LS 

Thermal conductivity (k) 

Poisson's ratio ( v) 

Coefficient of thermal 

expansion (a) 

Young's modulus (E) 

Emissivity 

= 2. 07 x 109 dynes/ cm
2 

(30, 000 psi) 

= 

= 0.27 

= 

= 4.14 x 10 12 dynes/cm 2 (60 x 10 6 psi) 

= 0.80 
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I J 

4 5 6 7 
VVaveiength (microns). 

MUB-6397 
. . 

Fig. 2. ··Absorption coeffic.ient ·of sapphire 
\.· 

at 500°C (from footnote 6). 
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Fig. ·3 •. ·Spectral emissivity of sapphire at 500~C (from footnote 6) •.. 
~- . ... . . , . 

. . : 

I·. 

. I • 

,),, 
c . 

f. J,j ·;· 

. ,_·· 

·e. 

. .;..' 



. .. 
'· 

-19- UCRL-16152 

7 r-• ____,_, -.-, -,,-~--,-~ .. , 

qrriax (2
11

diom) . · ~~ ----------.--
10 I 

m · r 

(/) 6 - t: ]· .. 
r 8, ' ! . /ppoque 
~~ 5

'- /l - l 

! ~T . I: 
v I II < ) I I ?- j--qmdx_(4 ~lam-- I 
~ 3- . . I . 1

1

· 

~ .. I 
qmax (6 "diom) 1 .I. . 

·--------~-+-·-----
2- . I I I . . ·I 

I I I I 
I I I 

J 
' ~ 

Transparent 

c 
0 

I I . . ! II 

I :11 : <J .. 
o~' ----~~~----~~~~~~~~~~~ ___ ~_· ~~------~~-·--~-
o 1000 2000 3000 ·' 

1 Ternperoture of heat source (°K) · 

MU B-6400 

Fig~ 4. · .Graphical technique for determination of (T ) · · · max 

for opaque and transparent alumina spheres. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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