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THERMAL SHOCK RESISTANCE OF. TRANSPARENT CERAMICS I
D. P. H. Hasselman '

v

Inordanlc Materials Research D1v151on Lawrence Radiation Laboratory,
and Department of Mineral Technology, College of Engineering,
University of Callforma Berkeley, Callfornla

July 8, 1965

ABSTRACT -
" The hypotheSis is advanced that semitransparent c'era‘m_vi.cs.under.v o
conditions of radiation heating have greater resistance to fracture by .
| thermal shock then opeque ceramics., In semitransparent eerarrxics
radiant heat can be transferred within the specimen beiﬁg :heated, rather -
| than being absorbed at the surface. Temperatu_re differences within" the
'specimerl are therefore reduced, resu_lting in a lower thermal stress
‘ leveT. | -

An approximate derivation is presented for tlée maximum tem-
‘perature of a surrounding black-body source to which spherical shape's :
o cen be submitted Without. failure eomposed of me:'gerials the iﬁfrared
| absorption properties of which. can be .described to 2 éood approxima- N
tion to be completely transperent }oe10w & given wave lerxgth and entirely . -
opaque above.this wave length.‘ Thermal _stress resistahc.e parameters |
‘are obtained. A calculation eomp‘aring the thermal's'hock re_sistance of
‘trarrsparent and opaque aiumina spheres s'how,s the tré;nsperentl Sphe'resb

' to be far superior. - .

At the time this Work was: done the writer was graduate research
assistant, Inorganic Materials Research Division, Lawrence Radiation _
Laboratory, and graduate student, Department of Mmeral Technology, L
University of California, Berkeley, Callfornla. :
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I. INTRODUCTION
The thermal shock resistance of most refractory ceramics is

qulte low, generally due to low strength, low thermal conouct1v1ty,

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

~modulus of elasticity. Many theoretical studiesl-5 have shown that

even in the best ceramic materials the maxiraum ternperature differ-
ence, that can be w1thstood within the ceramic body is qulte low
Recently a number of refractory oxides have been developed
such"as alumina and ma agnesia, which are transparent over a consid-
erable range of that part of the electromagnetic spectrum found in'heat"
transfer by radlatlon at temperatures usually encountered in ceramic

technology At these temperatures (i.e., > 1000° C), as shown else—

'vwhere, the contribution to the heat flux by natural convectlon is negll-_"ﬁ‘ '

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

sugdested here that under these conditions "transparent” ceramics

’ can be employed advantacreously in many applicatlons when fracture by

the thermal shock constitutes a major problem. For transparent or

semitransparent ceramics, the thermal radiatlon 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 av01d1ng

large temperature differences

The present paper is the first paper in what is. 1ntended to bea

‘ series dlscussmcr the various theoretlcal and experiments aspects of

the thermal shock re51stance 'of transparent ceramics, In general the

calculation of ternperature distrlbutlon in semitransparent materials :
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'heated by radlatlon ig qulte cornple:a due to varlatlons in reflect1v1ty

- with ancle of 1nc1dence focusmd effects due to refractlon effects

3

multlple reflectlons w1th1n the body, and varlatlons w1th wave length
of most of the optlcal properties.

This paper presents an approx1mate treatment of the thermal

_'shock res1stance of ceramlcs whose absorptlon propertles to a good

approx1mat10n can be descrlbea as bemg completely transparent below

e a certam wave length and completely opaque above thls wave lendth

L TH'EORETICALT

For the computatlon of the thermal stresses dlscussmn w1ll

be- conf1ned to spec1mens of soherlcal shape at low 1n1t1al temperature -

s In addltlon the spe01mens are cons1dered to be subrnltted 1nstantane-

h ously mto a radlatlon source completely surroundmg the spec1men.
‘.'Also, the spec1men size is cons1dered to be small compared to the S
"surroundlnd rachatlon source Under these condltlons the emlss1v1ty
of the source does not have to be taken 1nto account and allows a

. "-'black-body" approx1matlon to the rad-lant heat emltted.

Flcrure 1 shows the transmlssmn characterlstlcs as a functlon Sl

'_of wave length of three ceramlc ox1des 6/ At short wave 1engths

- -transmlssmn takes place v1rtually unlmpeded the loss through the .

o specxmens prlmarlly due to reflectlon at the surfaces At loncfer wave".

lengths however due to absorptlon transmlssmn decreases very

rapmly and becomes v1rtually nOnex1stent even for the relatlve thin N

' ,'.,"Specnnens use.d These absorptlon characterlstlcs can also be shown e

¢

- B for alumma by plottlng absorptlon coeff1c1ent at 500°C adamst wave

A
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iength, 6 as shown 1n Fig. 2 The absorpt.ion boléffiéient can be seen
to increase by}thvz-‘ée orders of magnitude over a felatively narrow
range of wave length. |

The éhangé in.intensity of electromagnetic r_adiation in an ab-

: 1 : 7
sorbing medium can be expressed by

I = Ioe"o‘x o - (D
where I = tﬂe in'tensivty of the wave after érdbégation_ _ojver a distance
X, . |
: Id = thé original intensity of the incident wave as it enférs‘ the
, | surface, | |
and  a = absorp’t-ion‘coefficient.

Equation-(lj reveals that for sizes of specimené__ employed in a
laboratory or practice, say greater than two inches, ‘that for high '

values of absorption coefficient (o < 0.1 mm_l) most of the radiétion'

‘penetrates the body over a distance.small compared to the body size.

The material then can be regarded asvpractically'opaq‘ﬁe. .Forv low .

values of «, howev-er, the radiation propagates through the body

-practically 'undiminish.ed and for practical purposes can be considered

transparent. "\D_ue to the narrow wave length interval, Fig.‘v"l suggests
that for‘-‘sil'ic_:a’,~ alumina, and magnesia the wave length separating the

transparent region from the opéque region occurs at 4p, 5u, and Tu,~

respectively. The high'ébsorption at very short wave length, for

instance,for alumina at A < 0. 16, can be neglected since the con-

Atribution to the totaljrédiant heat flux at wave lengfhs less than _thisv .

value can be neglected at the temperatures of radiation sources usua’ll'y- L -

encountered in practice. ' Similarly, tx‘anspafe’ncy_-é.t véry iong wave .
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lengths can also be’ neglected for the spectral dlstrlbutlon of the
i ,’radwatlon for alrnost all sources but those at very low temperatures S Y
'»v.whlch are of no consequence in the present d1scuss1on The absorp-’ BT
' tlon propertles of alumma and magnes1a only 1ncrease sllghtly w1th
‘ temperatures, and a cut ~-off'" wave lencrth of 5 and Ty, respectlvely,
' .wi'll still hold. Svilica, however, tends to become opaque; and unless |
_the specimen ls".at low temperatures, the aboy'e discussion will re.qnir;e',"'_f L
modifications. Y
From the abovve, in the opinion of the author, it can be conclude,d R
‘that under the conditions as described (i.é., specimen size, ’te’rnpera- |
| ture of radiation sour.ce) that to a good approximationvth’eabso‘rption:
' vvcharacteristics-'o.f th'e materials‘svhownj in Fig. 1 can be des_cribed to
be transparent belOW a certain wave length.and opaque above 'this wave "
length A calculatlon of the actual heat flux. to whlch a spe01men 1s |
» subgected only that fractlon of the total energy has to be con51dered
Wthh occurs at wave lengths above the " cut- -off" wave lendth o ) |
) The calculatlon of the. fractlon of the energy above a certaln »
' f_wave length s ) to the total enercry emltted by a radlatlon source can*
be calculated as: follows the radlant energy as a functlon of wave o
length can be expressed by the Planck eq:zatmn
-:‘WA:. ) W_ ’,”(2)‘*. o -
- e -1
where C and C are constants L S o ';j;- 4'
)\. tis the wave lendth '- AR S

and T is the absolute temperature; R
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The total energy emitted by a black body at terhp'erature T can be
obtained by integration of Eq. (2) from A =0 tQ A= oo Whicl1 r_esults in

W = pT4?.__-' : | (3)
>\'=o~>oo :

where p is the Stefan-Boltzmann's constant.

. The fraction F, of energy below the "cut-off" wave length (A )
O . : -
can be defined:_g‘ ' ’ .
v Wk=o—->}uo | R
‘/\O W?& = 0= : '

which upon sub.stitution of Eq. (3) results in

) ek
,'Wk=o—>}u = Fy pT . : R (5)
o o _

The total heat flux at wave lengths A > ko then becomes_

.

4

VV. : = (1 - F)\. ) e T (6)

)t=>xo'f>oo .o

Table II lists_'values* of F>L for a series of values of XoT. - For
, 0O : » '
instance, at 2000°K, 91.4% of the radiant energy is emitted at wave:

lengths shorter than 5u.

With the knowledge of the heat flux, the thermal stresses can
now be derived. Assuming the specimen to have a low initial tem‘-b
perature, -the.heat emitted by the specirhen'during the time until

maximum stress can be neglected and allows the "constant-heat-flux't -

approach derived elsewhere: ° The rate of_héatabsorption'(q) by the o

specimen surface equals

L.

q =,(1' v'vv"_Fx)‘epT?*v” A <7">
i O ) ‘ : :
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' where € is the total nemlspherlcal absorbt1v1ty 1n the range of wave
' 'lendtn where tne materlal is opaque |
'I‘he maximum heat flux (q ) to wh1ch a sphere can be suo-"_ _

ijected as derlved prev1ously5 can be wrltten

(1-—U)k

qmax = _ b o B

‘ .'_where Sts tensvile strength

v _=: Poisson’s ratio.

Lk =t_hermal conductivity

- b = sphere'radius

- : coeff1c1ent of thermal eapansmn
E =" Voung s modulus of elast1c1ty

- The max1mum radlatlon temperature (T ) to whlch a sphere

‘can be subJected can be expressed in terms of the max1mum heat flux

| by

‘\";..I

qmax; — Ao ~Tmax’

Substitution of Eq. (9) with Eq: (8) and rearranging yields: - -

Js=
_shir—l

Toax = |25 4 o
T T T e Be(L - F ) | o

4
.

Expressmns s1m11ar to Eq (10) can be derlved for the 1nf1n1te

; »cylmder or flat plate, the constant bemg replaced by 4 or 3 respec- a .

_'tlvety : ‘ o

A thermal stress re31stance parameter for transparent

ceramlcs w1th the optlcal characterlstlcs as shown in FlO‘ 1 can
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be defined by:

. ,pl,_.

R, __ = . S
trans ¢ E €1 -.FA ) o
ey O

v

which; but for the factor (1 - F>L ), is identical to the thermal stress
. - o : ' :
parameter Rrad for completely opaque ceramics.

III. NUMERICAL EXAMPLE

At this time, as far as the author is aware, no'eﬁcperi_mental
data exist to test the theory developed above. Instead, va sample cal-
culation is presented for the maxirnurn temperature to which trans- |
parent a‘ln.mina spheres can be subjected and compared with t‘ne ,tlaermal
"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 ternperature. Table II lists -
the physical property valnes assumed for the calculation and are typi-
lcal for dense polycrystalline al_uminet. For a given sphere lsize, Tmax
can be calculated by means of Eq. (10). This Calculation however,
due to the strong temoerature dependence of the factor (1 - A ),
requlres the laborlous technlque of successwe approx1mat10ns and
also necessitates a tableof valuesof 7\ T cons1derably more extensw‘e _

than'Table I. A graphical techmque similar to the one employed

, elsewhere 4 was used to overcome thls dlfflculty The heat absorbed

. per unlt area at the surface of the specimen is plotted adamst the tem- :

perature of the black-body enclosure, -’ With the known value of the

- maximum heat flux (qmax) calculated by means of'Eq.‘ (8), the maximurn o
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temperature is readlly obtalned from lt.he“temperature ax1s F-‘icure' 4 FE
. lllustrates the draphlcal Lechmque for both transparent and opaque C
"spheres The superlor thermal stress resmtance of the transparent
ceramics compared to the opaque ceramlcs is qulte apparent lt .' o _.
vapoears to be quite dlfflcult to fracture 2 m and 4 in. d1am soheres o |
S made.ol transparent alu_mma, Wherea.s the' sar_ne spheres of opaque,j ‘ .

»alumin'a can be fractured quite readily 'usind temperatures'comv'monly",‘. o
.'encountered in the laboratory Even a 6 in. diam sphere of the trans—'__',*--.'
‘parent alumlna would reculre a temperature in excess of its *neltlnc
tpomt for fracture to occur | |

In Flg 4 it is of 1nterest to note that for the transparent spheres o

~.the heat absorbed rises approx1mate y llnearly w1th temoerature rather o
than as the fourth power of temperature ThlS' is due to the'fact that e
--'.,the contrlbutlon of' heat flux at successwely hldher temperatures more L
~»and more occurs at wave lengths shorter than tne cut off” wave. length
- of 5. | |
| Slmllar calculatlons can be carrled out for other materlals
‘Due to its relatlve hlgh' cut off frequency, magnes1a should be’
superlor 1n thermal stress res1stance 'to both alumma and s1llca under :

,/‘ v

the condltlons assumed
- IV.' DISCUSSIO'N'AND CO'N'ACL.USIONVS
' The results of the numerlcal example appear to support the
:.hypotnes1s of tne superlor thermat stress re51stance of t ansparent . . ' .
‘ceramlcs as compared to opaque ceramics. The assumptlon of a sharp |

: cut off” wave length concelvably could 1ntroduce some error, How-’

lever tne small quantlty of radlatlon which penetrates the spec1men to
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some degree in the. fegion .assume’d olpvavqué ;is Qomp'ensatéd for the
partial absorption of the radiation in ‘thé region ‘c;or-x"s'idered completely
transparent. For materials in which the absorpt‘ion,coefficient. 'fiées _
slowly 'witb wave length, the theory preseﬁted ‘above would require
extensive modificationé, if applicable at all. | | |
Mény réfinements are possible to maké a more precise pre-

.diction of the thermal stress resistance. Inclusion of the temperatﬁre
dependence of the physical properties of the ceramic ma’tefial m the
calc’:ulatioﬁ could lead to a considerable improvement. The dependence,
of emiésivity on wave length, such as shown invFig. 3; might be taken |
into account. In the numerical example presented, emissivity‘l_w.-as |
' assumed constant anﬁd equal to 0.80. The decrease in e‘rriis_sivity at
longer wave lengths suggests tnat ‘(Tmax) is underes;;imafed. More
refined calculation of fhe heat flux-absorbed a.t the surface could take
place by summing the contribution to the"neét flux over each region
where the emissivity can be considered cons‘gant. The _speétral depénd_— -
ence in the equation can also be vinclud"e'd in the e#pression for (Tr'nax). |
Howéver, examination Will reveal that the calculation‘of (Tmax) then - ‘.
becomes rather tedious and involved. |

| The theory presented can _aléo b‘e”appliec‘i tb materials with
different absorption characteristics. For instahce',’ fér__a matérial
with high absorpﬁon coefficient between wave lengths Aé and )'b
O‘b > ha) ‘and practiéaily transpafent at éll other wave lengt,hs, th've‘
heat absorbed at the sufface'(q) becbmeS:'vv'. o | B |

. :

_ 1

Q@ = (Fy -Fy)epT
. Ta b
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. F. and F. being defined by Eq. (4) by replacing X by X, XA,
~ respectively. . ' o |

- The expression for. T then becomes:
=AM 10T Y nax v :

RN
-
3

o B G(Fx - F .

max - 'pb. )
L R
l. The e;cfcgél experirﬁentai vv:evfi‘ficat.ion. for thé'pres"enfc» theorymay P
..b.e difficult to perform. As shown by the résults'in F154, I‘elatlvely '
lafé‘e specifpghé of p.ol}?crystalline.alumi‘na are reciuir‘ed_if.fre'g'c’_cﬁ_r‘e‘by}'. . ,
..thé fhérxﬁgai shock .v.vi.ll occur at all.. _Th_e.ﬁrepéféfi.céh .O.f_sv.uffiéie‘nfvc' EV
specimens of 'SUffiCiént éizeand‘ofvariéué Shépes at the presentstate '
of the art fn’ight be[rather_diffi‘cﬁ_lt.'? El‘roiri'the?s:e ‘_.re'su'l”cs,;"h‘o'we\‘}er,;r’,i."c}.v c
do'e‘ls" appea'_r. f.hatfsviqa;i'e.s aﬁd.object's'éf asme usually l‘e'r’;é:o_i{ntéi'_é:cl%:in -

the. laboratory can be used without fa»i-l'ur"e;by'_'th'erma'li Sth_Ck- e e Ee

;o .

'».i .
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Table I. Fraction (Fx‘:) of radiant e'ﬁér;gy from a black-body svo‘urAc’e.. BETREL A,
B e
at temperature ( T) for a range of wave length from 0 to 7»0. microns '

500 . 0.129x 1078 11,000 ©0.9318

L, 000 03,207 x 107t 12,000 . . ¢09451 o

 2:000V  T”v._6;673 x 1072 13,000 . ﬁ;f'.o,9551.;' 
3,000 0272 B R A LR
-4 000 ‘vifi;?°?4809' 15,000 ‘fugglﬂ‘ﬂo.9689;"
so00  Comers 0 amooe - oo.emrn
7000 . o.eosr . 18,000 - . 0.9808
5,000 0.8563 . 15,000 | 0.983¢
9,ooof~;f5_f:o;3899f ’ffl}ji;j 20;OOO:5f¢“;f_x-b;gsssi -

10, 000 3;fuiyo.9142;"Jlﬂ,g;j;ﬁ;”'@;; 5ﬂjl;5j;11;0009;5‘_;,;uh

.L'_
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Table II. Physical propérties of typical‘p‘olycrystavllﬂine aiumina ceramic

: 9
Tensile strength (S, ) = 2.07 x 10° dynes/em® (30, 000 psi)
Thermal conductivity (k) = 0.05 cal cm Y sec™t o™l
Poisson's ratio (v) =  0.27

| Coefficient of thermal
B op =1

expansion (¢) = 7.0x10 ° °K

Young's modulus (E) = 4.14 x 1012 dynes/cm? (60 x 10° psi)

Emissivity ' ' = 0.80
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o Flg 1 Spectral absorptlon character1st1cs of 51hca sapphlre

and perlclase at room temperature (from footnote 6) '
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at 500°C (from footnote 6).
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Fig. 4. Graphical fc'ech.n.iqi;e_ for determinatioh of (T o)

— |
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6 B ——

5 3 —
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ol T T T TT T T

l S

o | ' . . S 3000 .
., Temperature of heat S'OUYCeA.‘_V(OK)’,‘ B

. MUB-6400
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| for Qpaqué and tra_nspar’enf aliimina sph'e'res.
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