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ABSTRACT 

The thermal fracture resistance of plutonia Multihundred Watt (MHW) fuel 
spheres was analyzed assuming boundary conditions of 1) constant heating 
or cooling rate for the sphere surface, 2) heating or cooling with a 
constant surface heat transfer coefficient at the sphere surface, and 3) 
heating or cooling the sphere surface solely by radiation. Thermal dam
age resistance (mechanical weakening) of MHW spheres was analyzed in terms 
of the fracture energy and crack system present in the fuel. Using avail
able property data for porous Pu02 between 400 and 1200°C, and estimating 
other properties from available data for UO2 and ThOa, the thermal shock 
conditions that cause fracture of the fuel sphere were estimated. Experi
mental values for the tensile fracture strength and the elastic modulus 
of the fuel as functions of temperature are presently not available and 
estimates were made of these properties. 
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INTRODUCTION 

The fuel form for the Multihundred Watt (MHW) generator consists of a 
solid sphere of ^^^PuOa with a radius of approximately 1.46 in. and a 
density of about 85% of theoretical. These units are welded into a close-
fitting iridium sphere before being assembled into a spiral array of 24 
spheres prior to mating with the generator. 

Fracturing of the MHW fuel spheres prior to their encapsulation in the 
iridium shell would greatly complicate loading of the fuel sphere into 
its containment, because of the difficulty of handling the separate pieces, 
and the necessity of fitting these pieces together to form a sphere at 
the time of fueling and welding the iridium shell. The pure plutonium 
oxide (PPO) fuel is a brittle ceramic material and tends to fracture 
mechanically in tension, as this is the typical mechanical failure mode 
for a brittle solid. Thermally induced and mechanically applied stresses 
can originate in a fuel sphere. The former can arise during the hot 
press fabrication of the sphere, as well as during subsequent handling 
of the fabricated sphere. Due to the relatively high (approximately 0.38 
W/g) internal energy generation rate of PPO fuel, relatively large thermal 
stresses can be easily generated in a sphere if the heat transfer to and 
from the sphere is changed abruptly by a significant amount. Mechanically 
applied stresses are controlled by appropriate design and control of the 
sphere-handling equipment used during fabrication and processing. Thermal
ly induced stresses can be minimized by careful control of the sphere 
temperature and the surface heat transfer coefficient. 

This report includes a discussion of the thermally induced stresses that 
are expected in a MHW fuel sphere and an analysis for determination of 
thermal conditions which may cause fracturing of the fuel sphere due to 
these thermal stresses. In particular, the analysis identifies the me
chanical properties of the fuel which most affect thermal fracture re
sistance . 

THERMAL SHOCK RESISTANCE PARAMETERS 

The thermal shock fracture resistance of ceramic MHW spheres is a func
tion of certain mechanical properties of the plutonia fuel, the heat 
transfer coefficient for the fuel sphere surface, the size of the sphere, 
and the stress fields induced in a solid sphere by thermal gradients. 
Due to the fact that plutonia is a brittle solid, ceramic MHW spheres 
fail primarily due to tensile or shear stresses rather than in compres
sion. In this analysis, it is assumed that PuOa has a lower tensile 
strength than shear strength. Since this is typical for brittle materials. 
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the assumption seems reasonable, although there are no experimentally 
determined tensile and shear strengths for PUO2. 

During heating from an initial temperature, Ti, to a higher temperature, 
T2, the surface of a MHW sphere is in compression, whereas the center of 
the sphere is in tension. The effective neutral axis moves along the 
radius as a complex function of several variables which will be discussed 
in detail later. Thermal fracturing of a sphere during heating occurs 
due to tensile failure in the sphere center, and results in the formation 
of pyramidal-like fracture segments. Cooling of a sphere from a given 
temperature, Ti, to a lower temperature, T2, results in tensile stresses 
in the surface and compressive stresses in the center. Mechanical failure 
of a sphere during cooling results in tensile failure in regions of the 
surface. 

The surface and center stresses in a sphere that arise due to a symmetri
cal temperature distribution in this shape are given by:^ 

at 

Surface 

Ea 
(ta-ts) a t = Or 

Center 

2Ea 
" 3TT^ (ta-tc) 

Or 

where, 

at 

Or 

E 

V 

a 

ta 

ts 

tc 

tangential stress component 

radial stress component 

Young's modulus for the material 

Poisson's ratio for the material 

thermal expansion coefficient for the material 

space-averaged temperature for the sphere 

surface temperature 

center temperature. 

For a given AT in a sphere under these conditions, the ratio of the center 
stress to the surface stress is 2/3. Therefore, a given sphere is more 
sensitive to fracture during cooling than it is during heating due to this 
stress ratio. In some cases, the spatial temperature distribution in an 
object is not symmetrical. This would be the case, for example, when a 
sphere at temperature Ti is suddenly subjected to a new environment at T2 
and the heat transfer coefficient, h, is very large. 

Various thermal stress resistance parameters for brittle solids have been 
investigated. ̂»̂''*'̂  Basically there are five of these parameters, and the 
specific one which applies for a particular material in a particular 
thermal stress environment must be established experimentally. These 
parameters are related to the material properties as shown: 

R = St(l-y) Ea (1) 

R(K) (2) 
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R' ' = aR (3) 

^ " ' = s K f ^ (4) 
Ri ' ' • = R' " (Y) (5) 

where, 

St = fracture tensile strength 

K = thermal conductivity of the solid 

a = thermal diffusivity of the solid 

Y = effective fracture energy of the solid 

and the other constants are defined as before. 

The thermal resistance factors, R, R', and R'', are primarily related to 
the fracture resistance, while R''' and R'''' are primarily related to 
the thermal damage resistance. Thermal damage resistance refers to the 
maximum temperature differential that causes a significant degradation 
of the mechanical properties of an object made of brittle material, while 
thermal fracture resistance is the maximum temperature differential that 
causes catastrophic fracturing of the object. 

R Parameter 

The R parameter is related to a temperature change in the surroundings 
leading to thermal fracture of a specific object by an expression of the 
form: 

Atf = R-S * (6) 

where, 

Atf = temperature change necessary to cause fracture of a 
particular shape 

R = thermal fracture parameter 

S = shape factor for the particular shape. 

The shape factor contains the geometric aspects of the particular shape 
under consideration. Equation 6 is applicable when the surface heat 
transfer coefficient, h, is essentially infinite. 

R' Parameter 

The R' parameter is related to the maximum thermal flux which can induce 
fracture in a specific object. It is represented by an expression of the 
form: 

qm.x = R'-s- (7) 

where, 

Qmax = maximum permissible thermal flux that will not cause 
fracture 
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R' = second thermal stress resistance parameter 

S' = shape factor for the particular shape 

and the temperature difference between the object and its surroundings 
that can induce fracture is: 

Atf = R'-S-^ (8) 

where, 

h = surface heat transfer coefficient applicable to the 
shape under the specified conditions. 

The factor S' is different from S for the same shape. Values for S and 
S' have been calculated for a limited number of simple shapes. 

R' ' Parameter 

The R'' parameter is related to the thermal fracture resistance of a 
shape that has an imposed constant rate of change of surface temperature. 
The surface heat transfer coefficient changes continuously with tempera
ture in this case. The maximum rate of temperature change (Qmax) which 
can be tolerated without fracture of a given object under these conditions 
is given by: 

Qmax = R " - S " (9) 

where S'' is different from the S and S' factors discussed previously. 
Values for S'' are known for only a few shapes. Expressions relating 
thermal stresses and surface heating rates are required for determining 
Qmax for a particular material and shape. Stresses induced in a plane 
slab by a constant rate of temperature change, Q, are given by:^ 

(10) 

and 

where, 

Eg 
( 1 - y J 

Eg 

3 a 

b a (11 ) 

as = surface stress 

Oc = center stress 

Q = heating or cooling rate of the slab surface 

rm = half thickness of the slab 

and the other constants are defined as previously. 

Similarly, the difference between surface temperature, ts, and center 
temperature, to, varies for various shapes cooled at a constant rate as 
shown in Table 1.^ 
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Table 1 

CENTER-SURFACE TEMPERATURE DIFFERENTIAL 
OF VARIOUS SHAPES AT CONSTANT COOLING 

Shape 

Infinite plate, half thickness = r^ 0.50 Qra^/a 

Infinite cylinder, radius = r„ 0.25 " 

Cylinder, half length = r̂  0.201 " 

Cube, half thickness = r„ 0.221 " 

Therefore, for the case of a sphere, the maximum acceptable heating and 
cooling rates that do not induce fracture can be estimated by assuming 
that a sphere is an approximation of a cube and that the same expressions 
apply to heating and cooling conditions. Since Table 1 indicates that 
the quantity (tc-ts) is not strongly dependent upon the geometric shape 
of the object, the assumption that to-ts - Qr^^/Sa appears to be reason
able for the case of a sphere. 

Using this assumption for the shape, and substituting into the expressions 
given earlier for surface and center stresses in a sphere, the relation
ship between stress and heating or cooling rate can be derived by making 
the following additional assumption about temperature distribution in the 
sphere. If the average temperature is assumed equal to the arithmetic 
average of the center and surface temperatures, the thermal stress can be 
easily calculated in terms of these two temperatures. For the surface 
stress in a sphere this expression is: 

(12) 

(13) 

while the center stress is given by 

Ea 
( 1 - y ) 

n b y : 

Ea 
( i - y j 

10 

• ^ • 

a 

a 

If the critical stress for sphere fracture is the tensile stress. Equa
tion 12 can be rearranged according to Equation 9 as: 

aSt(1-y) . 10 
Ea * r. ̂  (14) 

where this expression is valid for the surface, and therefore applies to 
cooling conditions. 

Likewise, Equation 13 can be rearranged as: 

0 = aSt(l-y) . 15 ,^5. 

where this expression is valid for the center, and therefore applies to 
a sphere being heated. 
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A more conservative assumption that can be applied in these derivations 
is that for cooling, the center temperature is approximately equal to the 
average temperature. With this assumption. Equation 14 becomes: 

Q.., = S^^l^ji . ^ (14a) 

Assuming that for heating, the surface temperature is approximately equal 
to the average temperature, Equation 15 becomes: 

The cooling rate and the heating rate given by Equations 14a and 15a, 
respectively, are lower, by essentially a factor of two, than those given 
by Equations 14 and 15. 

Due to the more conservative nature of Equations 14a and 15a, these ex
pressions are used in the following discussion to estimate maximum accept
able heating and cooling rates for MHW spheres when the surface tempera
ture is varied at a linear time rate. Within the limits of this approxi
mation, a given sphere can be safely heated at a somewhat faster rate 
than the maximum acceptable cooling rate before fracture failure occurs. 

Equations 14, 14a, 15, and 15a have the essential form of Equation 9; 
S'' in this case is different for heating and cooling because of the 
properties of the stress field in a sphere. The maximum acceptable heat
ing and cooling rates are inversely proportional to the square of the 
sphere radius; thus, the smaller the sphere, the higher the heating and 
cooling rates that can be used without fracturing it. Equations 14, 14a, 
15, and 15a are reasonably valid only under the boundary condition that 
the surface temperature of the sphere is changed at a linear rate with 
time. These expressions will be evaluated shortly along with others for 
the case of PuOa. It should be noted that these models do not include 
the internal heat generation characteristic of ^^^PuOa, and this affects 
the results to some extent. The heat generation characteristic of ^^^PuOj 
results in the generation of significant thermal stresses, for the case 
where no external heat is provided, if the fuel sphere does not have 
suitable thermal insulation from its surroundings. When external heat is 
provided to the sphere at a rate that is significantly higher than the 
self-heat generation rate, the relative magnitude of the thermal gradients 
and resultant stresses due to self-heat is of less importance. Recent 
experimental measurements of the radial temperature gradient in a ^^^PuOa 
MHW sphere at LASL* have shown temperature differences between surface 
and core of approximately 250°C, with a core temperature of approximately 
650°C, when self-heat is the primary energy source. 

Thermal Damage Resistance Parameters 

The thermal damage parameters R''' and R''"' will be discussed later in 
this report as they apply to PPO spheres. These parameters evaluate the 
thermal shock conditions which cause significant microcracking and de
gradation of mechanical strength, but not necessarily fracture, in the 
material. Since the tensile breaking strength is a parameter in all of 
the expressions involving R, R', and R'', a significant decrease of St 

*T. K. Keenan and R, Kent, located at CMB-11, LASL. 
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obviously results in a change in the thermal shock fracture resistance 
of PPO spheres. Since R, R', and R'' are concerned with the thermal 
shock conditions which lead to physical fracturing of a given shape, 
these will be analyzed first in regard to MHW spheres. 

THERMAL SHOCK IN A SPHERE WITH A CONSTANT BIOT'S MODULUS 

The thermal stress problem in a sphere has been analyzed by employing 
Biot's modulus (3), a dimensionless surface heat transfer coefficient, 
to derive an expression relating thermal shock fracture in a sphere to 
(1) the material properties, (2) 3, and (3) the temperature change in the 
vicinity of the sphere's surface. ̂ '̂  

The mathematical solution to this problem changes as a function of 3, but 
the values of 3 that would probably be applicable for heating and cooling 
MHW spheres during processing would no doubt be in the range 0.1 to 10, 
as this range includes the expected range of the heat transfer coefficient, 
h. Within this range of values, the following is applicable to a sphere: 

AT = ̂ 4 ^ ̂ -^fr^ (0-1 ̂  3 < 10) (16) 

where, 

AT = temperature difference between the sphere and its 
surroundings which causes fracture 

3 = Biot's modulus ^ 

and. 

r = sphere radius 

h = surface heat transfer coefficient at the sphere 
surface 

K = thermal conductivity of the sphere material. 

This expression can be rearranged to the approximate form of Equation 8 
as: 

AT = ^St(l-y) ^ 5<St(l-y) ^^7) 
2Ea rhEa ^ ^ 

The solution for the sphere in this case does not result in a readily 
identifiable R' or R'' parameter, but consists of two parts: 

^^ ^ St(i-y)s, + ^St(i-y)s, (ig) 
aE * aE '̂  ^ •' 

or, AT = RSi + R'Sa 

where, 

R and R' are defined as in Equations 1 and 2 

Si = 5/2 

S2 = 5/rh. 
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Si and S2 in this case are shape factors, and S2 also contains the sur
face heat transfer coefficient. This model for the sphere is applicable 
for the case of 3 = constant during the application of the thermal sh'ock, 
and the fracture resistance is a function of two thermal stress resist
ance parameters. The solution for a sphere also provides an expression 
for the time required to induce fracture in a solid sphere as a result 
of changing it abruptly from a region of equilibrium temperature Ti to a 
region of temperature T2 when 3 = constant. In many conceivable situa
tions, 3 is not a constant and in these cases, the results computed using 
Equation 16 may be used as reasonable approximations when the variation 
of 3 during the thermal shock is not too large. The important case in 
which cooling of the sphere is by radiation alone has been solved approxi
mately® and will be discussed in the next section. 

For the case in which 3 = constant, the surface heat transfer coefficient 
and material thermal conductivities are constant. Thus, the time to max
imum stress, 9', after the temperature surrounding the sphere changes from 
Ti to T2, is given by: 

Or ̂  
0' = ^^^ (19) 

where, 

0 = nondimensional time 

r = sphere radius 

a = thermal diffusivity of sphere material. 

The quantity 0' is also the approximate time required for fracture if the 
AT is sufficient to cause a thermal stress equal to, or greater than, the 
tensile fracture stress for the sphere material. As shown in Figure 1, 
the factor called nondimensional time, 0, varies as a function of 3 and 
radial position in the sphere.^ 

THERMAL SHOCK OF A SPHERE BY RADIATION HEATING AND COOLING 

Thermal shock by radiation heating of various shapes, especially a sphere, 
has been investigated,® including a reanalysis of the earlier study em
ploying constant 3.^ The basic problem encountered in the analysis of a 
sphere being heated or cooled by radiation alone is the definition of the 
boundary conditions, since the heat transfer coefficient varies con
tinuously with the temperature of the sphere surface; and the heat trans
fer to the sphere changes as a function of the sphere surface temperature, 
the temperature of its surroundings, and the emissivities of both. A 
sphere cooled or heated solely by radiation transfer may be a close 
approximation to a MHW sphere in a refractory metal furnace under vacuum. 

The principal boundary conditions which apply to the radiation conditions 
appropriate to the solution for a sphere in this analysis are that (1) 
during heating, the sphere is reradiating no energy back to its environ
ment; and (2) during cooling, the environment surrounding the sphere re-
radiates no energy to the sphere. If a refractory metal furnace contain
ing a sphere at 1500°C in vacuum is abruptly switched off, it will no 
doubt radiate some thermal energy back to the sphere from the heating 
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FIGURE 1 - Biot 's Modulus for surface and aenter of a sphere with radius 
(r) of a. 

element, inner shield, and pedestal structure. Calculations based upon 
this model will therefore be "worst case" conditions as far as radiation 
thermal shock of spheres is concerned, since reradiation from, or to, the 
sphere tends to reduce the severity of the thermal shock. 

Thermal Shock Fracture Resistance of a Sphere 

In heating a sphe 
is that the initi 
to the enclosure 
Under these condi 
occur if Ti = 0°K 
toward Ta but the 
sphere is essenti 
solved. Under th 
center. Equating 

re by radiation transfer only, the applicable assumption 
al sphere surface temperature, Ti, is very low relative 
temperature, T2, in which the sphere is rapidly placed, 
tions, the thermal flux is about 95% of that which would 
when T1/T2 < 0.475. For this condition, as Ti increases 
ratio T1/T2 < 0,475, the thermal flux delivered to the 
ally constant and the thermal stress equations can be 
is condition, a sphere has maximum tensile stress at its 
the maximum thermal stress to the tensile stress gives: 

^ 5St(l-y)K 
4 max raE 

(20) 

where, 

qj,,jj = maximum allowable thermal flux that will not cause 
thermal shock fracture 

r = sphere radius 

and other constants are defined as previously. 
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Energy transfer by radiation occurs according to: 

q„ax = ae(T„ax'-Ti') (21) 

where, 

a = Stefan-Boltzmann constant = 1.37 x 10"'^ 
cal/deg"* -cm^-sec 

e = emissivity or absorptivity of surface 

Tffia X = maximum radiation temperature to which body can be 
subjected without thermal shock fracture 

Ti = initial sphere surface temperature. 

Assuming that T i "* « Tnax'*> Equation 21 becomes: 

q m a x = <?ET« iax "* ( 2 2 ) 

S u b s t i t u t i n g t h i s i n t o Equa t ion 20 g i v e s Tmaxin °K: 

5 1^rSt(l-y)K-i% [ 5 - | ^ rS t ( l -y )K- ]^ 
L a r J L aEe J (23) 

The analysis for cooling a sphere is complicated by the difficulty of 
knowing the effective emissivity of the enclosure. Assuming this is zero 
will give a worst case value for Tmax for a sphere during cooling. In 
this case, for the maximum allowable radiation condition, the surface hea 
transfer coefficient, h, is assumed to vary as:® 

h = 4aeTmax ' (24) 

Using the following approximation of Equation 16: 

the maximum allowable radiation temperature difference to which a sphere 
can be subjected upon cooling without fracture is given by an expression 
identical to Equation 23. This expression then allows an evaluation of 
the sensitivity of a MHW sphere to thermal fracture by radiation transfer 
as compared to conditions where 3 is assumed known and constant as in 
Equation 16, or where the surface temperature varies linearly with tem
perature as in Equations 14, 14a, 15, and 15a. 

Thermal Stress Damage Resistance of a Sphere 

The remaining type of thermal shock damage to which MHW spheres may be 
subjected involves thermal shock in which thermal stress cracking is in
duced, but in which the thermal stresses are not sufficient to cause the 
sphere to fail catastrophically. A MHW sphere is obviously of little 
value if it does not maintain its shape integrity. However, thermal 
stress damage can be induced in a brittle solid in which cracking is 
initiated by thermal shock, but the cracks become arrested before the 
sphere breaks into pieces. A theory advanced for the analysis and inter
pretation of the thermal shock damage resistance of brittle solidŝ ''* is 
applied here to MHW spheres. The basic concept of this theory is that 
the driving force for crack propagation in a material such as ceramic 
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Pu02.oo is the elastic energy stored in the solid at the initiation of 
fracture. This energy is dissipated during fracture by the energy re
quirements provided by the "effective surface energy", required to pro
duce newly formed crack surfaces in the solid. 

For a sphere subjected to thermal shock during heating, the total elastic 
energy, W, contained in the sphere at the moment that the maximum thermal 
stress attains the value of the tensile stress is given by: 

W = 4.r3s|(l-y) __ 3Sf(l-y)V ^̂ .̂  

where, 

r = sphere radius 

St = tensile strength of the brittle solid 

y = Poisson's ratio for the material 

E = Young's modulus of elasticity 

V = sphere volume. 

At fracture all of the elastic energy is assumed to be transformed into 
effective surface energy; and the body, or its component parts, are 
assumed to be stress-free when the cracks are arrested or the body has 
disintegrated. 

By equating the total surface energy required for propagation of cracks 
to the elastic energy stored at fracture as in Equation 26, the mean area 
over which N number of cracks can propagate in a sphere is given by: 

_ 2TTSf (l-y)r^ . . 

^ ~ 7NEy.,, ^̂ Ĵ 

where, 

Yef, = effective surface energy for crack formation. 
If the calculated area. A, for a given spherical sample is greater than 
the cross-sectional area of the sphere (Trr^), the cracks completely tra
verse the piece and result in a complete failure, which can be quite 
explosive. If A is smaller than the geometric cross-sectional area of 
the sphere, excess energy is not available and the fracture process is 
arrested and the sphere remains intact after the shock. 

The relative degree of damage is directly proportional to the area over 
which the cracks propagate, so minimizing A results in maximum thermal 
damage resistance. The parameters R''' and R'''' given in Equations 4 
and 5 come from this analysis. R''' can be used to compare materials 
with similar crack propagation properties, i.e., with the Yerr approxi
mately equal. R'''' can be used to compare the degree of thermal stress 
damage of materials with widely different Yeff> such as brittle and ductile 
materials. 

Examination of Equations 4, 5, and 27 shows that the thermal stress dam
age resistance of the brittle ceramic fuel can be increased by (1) de
signing the fuel so that it has a low tensile fracture strength, (2) en
suring that the fuel has a large number of cracks, N, in which to dissipate 
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the thermal elastic energy, or (3) selecting a solid fuel system which 
has a large effective fracture energy, Y- The requirement of a low 
strength to provide thermal stress damage resistance is in opposition to 
the high strength requirement for thermal shock fracture resistance. 
These two properties can, therefore, usually not be provided by a single 
material. One which exhibits high resistance to thermal shock fracturing 
is often susceptible to thermal stress damage, usually characterized by 
a precipitous decrease in fracture strength once a critical AT of thermal 
shock is exceeded. A large number of crack initiators can be provided by 
ensuring a high porosity in the ceramic, as well as by having a large-
grained microstructure. Pores and large grains provide numerous micro-
flaws which, upon application of a tensile stress, are the source of a 
large number of cracks, thus causing N to be large. 

For a sphere, an optimum strength can be calculated which provides a max
imum strength after thermal shock. This is given by: 

c* = 1 TTNEYerf 
*̂ 7 L2(l-y)r 

1 /2 

(28) 

where, 

Sf = strength of solid before thermal shock 

N = number of cracks initiated in the solid 
during thermal shock 

r = sphere radius 

Yg,{ = effective surface energy for crack formation 

E = Young's modulus of elasticity. 

This expression can be used to estimate the strength of the sphere mate
rial which provides the maximum thermal stress damage resistance. 

This approach to thermal damage analysis has been extended to define the 
critical temperature difference for a brittle solid which results in a 
dramatic reduction of strength.** The thermal damage resistance of the 
solid according to this concept is related to several of the material 
constants discussed in the previous derivations as well as the surface 
fracture energy and the length of the initial Griffith microcracks assumed 
present in all brittle solids. When the temperature difference impressed 
on the solid reaches a critical value, ATc, crack propagation is initiated 
The result of this process depends upon various properties of the solid. 
Thermal shock conditions that are not severe enough to cause catastrophic 
failure, will induce thermal cracking to propagate within the body until 
arrested by relief of the stress. The result of this process is either 
a dramatic weakening of the solid or a gradual decrease in strength of 
the solid. Solids, such as ceramic AI2O3, which have relatively high 
initial strength, experience an abrupt loss of strength at a critical shock 
temperature difference, ATo. An initially weak solid undergoing thermal 
shock propagates cracks by a relatively stable process and its strength 
gradually decreases as a function of increasing thermal shock severity. 
These two different behaviors are illustrated in Figure 2. 

Alumina has been shown to behave as in Figure 2 (a) when thermal shocked 
in the form of cylindrical rods. After sustaining thermal shock damage 
when AT 2: ATo , the strength remains independent of AT until a second 
critical shock temperature, AT^, is achieved. Insulating firebricks 
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S. = init ial tensile strength oi 

u. 

%2 - initial tensile strength 

V 

I -

Temperature Difference, AT-» 

( a ) High-Strength Brittle Solid 

Temperature Difference, AT-i 

(b) Low-Strength Brittle Solid 

FIGURE 2 - Effect of thermal shock on initially high- and low-strength 
brittle solids. 

behave very similarly to Figure 2 (b). No information could be found to 
indicate whether porous PUO2 behaves as in (a) or (b) when thermally 
shocked. If the crack density in PPO material is relatively low and the 
material behaves as in (b), thermal shock could lead to crack growth in 
the MHW sphere that would result in gradual sphere weakening. If PPO 
fuel behaves as in (a), the application of a thermal shock greater than 
ATo results in a sharp decrease in strength, and the sphere, at the same 
time, becomes much more prone to thermal shock fracture. 

The analysis of crack initiation and propagation in brittle ceramics has 
been analyzed for (1) the case of a ceramic body with penny-shaped cracks 
and a uniform triaxial stress,"* and (2) the case of a rigidly constrained, 
uniformly cooled, thin, flat plate with a uniform distribution of micro
cracks.^ The results from these calculations are qualitatively similar 
and relate the initial crack length in the solid to the temperature dif
ference necessary to cause either crack propagation and catastrophic 
failure, or only an increase in the crack length. 

To illustrate, the case of triaxial stress will be discussed in some de
tail. The thermally induced stress in the solid, S, due to cooling by a 
temperature increment, AT, is given by: 

S = aEAT/(l-2y) (29) 

where the constants are defined as previously. No stress relaxation 
mechanism, such as dislocation motion or viscous flow, is assumed. Crack 
propagation is assumed to occur by simultaneous propagation of N number 
of cracks per unit volume. All cracks are assumed to be of uniform size 
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and to propagate radially. No interactions between stress fields of 
neighboring cracks are assumed. 

For the assumed stress and crack configuration, the total energy, Wt, per 
unit volume at any instant is the sum of the elastic energy in the solid 
plus the fracture energy associated with the cracks. Following Griffith's 
treatment, the cracks are unstable whenever: 

dWt 

3!r 
0 (30) 

where, 

crack length, 

For both of the stress states for which solutions are available, an ex
pression can be derived which relates the critical temperature change, 
ATc, that produces crack instability to the initial crack length present 
in the solid. In the case of triaxial stress, rigidly constrained ex
ternal surfaces, or penny-shaped cracks, this expression is: 

AT, 
r TrY(l-2y)^ ] 
L2E,a2(l-y2)J 

1/2 16(l-y^)NLn r,1-i 
9(l-2y) J L̂ J 

-1/2 
(31) 

where, 

Y = surface fracture energy of the solid 

L = crack length 

0̂ = Young's modulus of crack-free material 

N = initial number of cracks present in solid per 
unit volume. 

For the case of a rigidly constrained flat plate, the equivalent expres
sion is: 

ATc r 2Y 1 
LirLa^Eo J 

1 / 2 r 
1 + 2TrNL^ ( 3 2 ) 

Both 
Thus, 
shown 
gener 
and c 
crack 
s imi l 
d i f fe 
densi 

Equations 31 and 32 show ve 
it appears a reasonable as 
in Figure 3 for the case o 

al. Consequently, the stre 
ooling is probably such tha 
length in the fuel can be 

ar to Figure 3, For short 
rence required for crack pr 
ty but does depend upon the 

ry similar dependencies of AT^ upon L. 
sumption that the functional behavior 
f triaxial stress will be reasonably 
ss state in a PPO sphere during heating 
t the dependence of ATc upon initial 
reasonably approximated by a diagram 
initial cracks, the critical temperature 
opagation is independent of the crack 
fuel properties: Y> E, a, y, and L, 

For a ceramic fuel fabricated with an initial crack length, L, the criti
cal temperature difference which causes crack propagation decreases, as 
the crack length increases from near 10 ym to about 500 ym. Fuel contain
ing a relatively large crack density becomes more resistant to crack 
propagation at longer crack lengths than does fuel containing only a few 
cracks. This occurs because the larger number of cracks tends to limit 
the thermal strain developed in a specific region of the fuel during 
thermal stress. 
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As an illustration, assume that the fuel exists in a crack state with 
N = 100, denoted as state A in Figure 3, and that ATo is attained. Kinetic 
crack propagation occurs because when L < L„, i.e., the elastic energy re
lease rate during crack propagation exceeds the surface fracture energy, 
this difference is converted into kinetic energy. The cracks continue to 
propagate until all of the kinetic energy and released strain energy are 
transformed into surface fracture energy. In the case of N = 100, the 
crack length increases to state B, and the fuel becomes subcritical in 
AT for further crack propagation. A further increase in ATo is required 
to initiate further crack propagation and strength loss as shown in 
Figure 2 (a). 

For short cracks of initial length (Lo) and final length (Lf) where 
Lf » Lo, the final crack length is given by: 

Lr = [3(l-2y)/8(l-y2)LoN]i/^ (33) 

Equation 33 shows that except for Poisson's ratio, the extent of crack 
propagation for a case where Lo « Lt is independent of other material 
properties and dependent only upon crack density and the original crack 
size. 

In fuel containing long initial cracks with Lo > Lo, thermal strain in
duces crack propagation that is quasi-stable and results in strength 
degradation as depicted in Figure 2(b). This type of precracked brittle 
solid does not fail catastrophically in thermal shock. Thus a brittle 
solid with the correct crack length and crack density does not fail catas
trophically in thermal shock. As discussed previously, this situation is 
favored by a low strength and a high elastic modulus plus a reasonably 
high crack density and a moderate initial crack length. The initial 
strength of the solid decreases with increasing Lo and there is little 
advantage in having Lo Z Lm due to the decrease in strength that occurs 
as Lo approaches the dimensions of the object itself. 

The potential usefulness of these various thermal shock concepts as they 
apply to Pu02 spheres will now be examined with the objective of providing 
guidelines for handling ^^®Pu02 spheres during processing so as to mini
mize thermal shock damage or fracture. 

APPLICATION OF ANALYSES TO CERAMIC PPO SPHERES 

In order to apply the foregoing to ceramic PuOa.o MHW spheres it is neces
sary either to have experimental values of the pertinent properties of the 
materials under the conditions of interest or to make estimates for them. 
Very few values for the high-temperature mechanical properties of PUO2.0 , 
and essentially none for the mechanical properties of PUO2-X. are re
corded in the literature. Application of the foregoing analysis to MHW 
spheres of porous PUO2.0 requires knowledge of the tensile fracture 
strength. Young's modulus, thermal expansion coefficient, Poisson's ratio, 
and total emissivity of theoretically dense PUO2.0 , as well as the depend
ence of these properties on porosity, grain size, and temperature. Data 
for effective surface energy would also be very useful. Assumptions were 
necessary for essentially all of these properties of ceramic PUO2.0 where 
the models could be applied. An implicit assumption in these analyses 
is that the tensile strength of the ceramic is lower than the shear 
strength, and therefore, that a thermally shocked sphere will fail in 
tension. This has been demonstrated in numerous thermal fracture studies 
of other ceramic oxides and is considered a reasonable one in this case. 
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The thermal expansion coefficient of polycrystalline PuOa.o has been de
termined by several investigators and is the best known of all the prop
erties required here. This property is essentially independent of por
osity. The thermal conductivity and diffusivity of 82% dense PPO fuel 
was reported by Keenan, et al.,^" and Lagedrost, et al.^^ 

The tensile strength of well-characterized PUO2.0 at room temperature or 
as a function of temperature is not known, but probably is very similar 
to that of UO2 and Th02 at the same grain size and pore fraction. The 
stress to nucleate fracture in PUO2.0 is of the form: 

S = Oo -̂  KD" (34) 

where, 

S = stress to nucleate fracture 

Oo = minimum tensile stress for dislocation motion in 
the solid 

D = average grain size in the polycrystalline fuel 

and K and m are empirical constants. 

The fracture strength is therefore higher for smaller grain sizes. 

For UO2 at 25°C, m ~ -0.12, and at 1000°C, m ^ -0.84.̂ '̂̂ '* Also, reported 
values for the bend strength of high density UO2 with D ~ 20 ym at 25°C 
and 1000°C was 12,400 and 21,700 psi, respectively.^"* This indicates that 
the bend strength increases by a factor of about 1.8 in this temperature 
range. Measurements on porous UO2 with D - 18 ym indicate that, at a pore 
fraction (P) - 0.2, the strength increase observed for this temperature 
increase was only about 1.12, with bend strengths of 9600 and 10,800 psi, 
respectively, at these temperatures. The bend strength of Th02 with 
P = 0.086 and D - 16.4 ym was reported as 18,700 psi at 25°C.i= The bend 
strength of several single phase oxides has been shown to be about twice 
the tensile strength; ̂^ the tensile strength of PUO2.0 applicable for 
insertion into the thermal stress expressions is therefore of the order 
of 10"* psi or less. 

Due to present difficulty in defining the thermal boundary conditions 
pertinent to a PPO sphere while undergoing various thermal cycles during 
processing, the most logical approach at this point appears to be an 
evaluation of the thermal shock sensitivity via the various parameters 
discussed earlier and an identification of the most sensitive ones for 
PUO2.0. This would provide guidelines for protecting fabricated spheres 
from unnecessary thermal shock. However, in order to apply any of these 
analyses to PUO2.0 the requisite material properties at selected tempera
tures are required. Since several of these are not available, values for 
Th02 and UO2 were used when available to obtain extrapolated values for 
PUO2.0. 

Young's modulus for PUO2 with P (pore fraction) = 0.035 at 25°C was ob
tained by extrapolating the experimental values ̂ '̂̂ ® for UO2 and 
U0.8PU0.2O2.0 to PUO2.0 and assuming that the modulus varied linearly with 
plutonium content as shown in Figure 4. For this value of P at 25°C, 
E(Pu02) = 23.3 X 10® psi. The modulus was also estimated at P = 0.028 
from the published values ̂'̂'̂^ for Th02 and UO2 as shown in Figure 5; from 
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this procedure E = 25.0 x 10® psi. The porosity dependence of Young's 
modulus was estimated by extrapolating the porosity dependence of Young's 
modulus for Th02 and UO2 to PUO2 as shown in Figure 6, From this extrap
olation AE/AP - -4 X 10^ psi/P for PUO2.0 at 25°C. On this basis, the 
value of E = 25 X 10® psi at P = 0.028, calculates to E == 24.6 x 10® psi 
at P = 0.035. This is reasonably close to the value of E = 23.3 x 10® 
psi estimated from Figure 4 previously, thus giving confidence to the 
estimated value of the modulus for PUO2. The temperature dependence of 
Young's modulus was estimated from data for Th02^ '̂ ^ and for U02'^»^^ as 
shown in Figure 7. The value of AE/AT for PUO2 is approximately -4 x 10^ 
psi/°C up to ~1200°C. At higher temperatures, the data for UO2 clearly 
show that these actinide oxides elastically soften and E decreases as a 
complex function of temperature. 

For MHW fuel of the current design, P - 0.15. Using the assumptions out
lined, the mechanical properties of PUO2 with P = 0.15 at various tempera
tures were estimated. For example, taking E = 24 x 10® psi at 25°C and 
P = 0.035, E at 1000°C was estimated as follows: 

E = Eo -̂  (dE/dP) (AP) + (dE/dT) (AT) 

^ 24 X 10® - 4 X 10^ (0.15-0.035) - 4 x 10^ (10^) 

= 24 X 10® - 4.6 X 10® - 4 X 10® =̂  24 x 10® - 8.6 x 10® 

- 15.4 X 10® psi 

Similarly, the elastic modulus at other temperatures of interest was 
calculated and the values are shown in Table 2. The value of the tensile 
strength of PPO fuel at temperatures up to 1200°C is difficult to esti
mate, but it probably lies somewhere between 2000 and 10,000 psi. Thermal 
shock estimates are, therefore, made in this strength range. 

The thermal conductivity values for theoretically dense Th02^^ and for 
U02^'* were compared with data for Pu02^^'^^, in order to assess thermal 
conductivity variations in these actinide oxides. At 1000°C, K values 
for dense Th02 and UO2 were essentially identical at 7 x 10"^ cal/cm-
sec-°C. Reported for PUO2 were K values of 7 x 10"^ cal/cm-sec-°C, 
and 6 x 10" cal/cm-sec-°C. Similarly, at other temperatures, the 
available thermal conductivity values of the actinide oxides had compar
able values. The values at a given temperature are similar enough to 
provide confidence in the available thermal conductivities for PUO2 having 
reasonably homogeneous microstructures. Recent microscopic evidence for 
MHW fuel spheres indicates that some microstructural heterogeneity exists 
in the present spherical fuel form between the pole and equator.^® These 
heterogeneities will cause variations in the thermal conductivity, result
ing in some deviation of the heat flow in an actual sphere from that 
assumed here. Quantitative estimates of these possible variations are 
not presently available. 

The simplest functional dependence between thermal conductivity and por
osity for solids having primarily a phonon heat transfer mechanism is 
given by: 

•Ps Ks(l-P) (35) 
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where, 

Kps = thermal conductivity of porous solid 

Ks = thermal conductivity of theoretically dense solid 

P = pore fraction. 

Table 2 

THERMAL CONDUCTIVITY (K) AND ELASTIC MODULUS (E) FOR POROUS PuOz 

Temperature 
(°C) 

400 

600 

800 

1000 

1200 

P • 
K 

(cal/^ 

= 0.18 
X 10^ 
cm-sec-

9.1 

6.9 

5.6 

4.9 

4.4 

°C) 

P = 
KX 10^ 

(cal/cm-sec-

11.1 
9.1 

6.7 

6,1 

5.3 

0.15 

-°C) 
E X IC^ 
(psi) 

17.8 

17.0 

16.2 

15.4 

14.6 

This expression has been found to apply for several oxides at P values 
below 0.1 and is reasonably applicable at P = 0.15, the case of interest 
for MHW fuel. In the following, it is assumed that Equation 35 adequately 
accounts for the presence of porosity in the PUO2 fuel. The thermal con
ductivity values available from the two known references ̂  ̂*'̂  ® are given 
for various temperatures of interest in Table 2, The values are in 
sufficient agreement for use in the thermal shock calculations. 

The thermal diffusivity of PUO2 with a pore fraction, P = 0.15 was esti
mated from earlier data^^ and compared with other published values. ^°'^^ 
These values are listed for various temperatures in Table 3. The avail
able diffusivity values for porous PUO2 show good agreement and these 
values are used in the following analyses. 

Using the properties of PUO2 with a pore fraction of 0.15, the thermal 
conditions which cause thermal shock fracture of MHW fuel spheres were 
calculated. Examples are given and the maximum acceptable heating and 
cooling rates at three strength levels, using the more conservative 
Equations 14a and 15a, are shown in Figure 8 as a function of average 
sphere temperature. 

*Data in this Mound Laboratory compilation originally from R. L. Gibby, 
Quarterly Progress Report, Jan-March, 1966, Reactor Fuels and Materials 
Development Program, BNWL-CC-694, Battelle Northwest, Richfield, Wash
ington (May 1966) p. 3.5. 
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Table 3 

THERMAL DIFFUSIVITY OF POROUS PuOg 

P = 0.18 P = 0.15 
Temperature 

C°C) 

400 

600 

800 

1000 

1200 

a X 102 
(cm2/sec) 

1.4 

1.1 

0.8 

0.7 

0.6 

a X 102 
(cm2/sec) 

1.4 

1.1 

0.85 

0.70 

0.61 

Constant Rate of Heating or Cooling of the Surface of a Sphere 

For Cooling: 

n = aSt(l-y) 5 riAai 

"̂•̂  Q»ax = ^̂ ^̂ lî iii . ^ (14) 

^ Ea rm ̂  ^ •' 

T = 400°C 

If St = 2000 psi, 
n = 1.4 X 10'^ X 2 X 10^ X 0.7 5 
°̂'*=' 17.8 X 10'' X 11 X 10-'' * (1.86)2 

= 0.15 °C/sec =8.7 °C/min using (14a) 

o r , Q,„ax = 17 ,4 °C/niin u s i n g ( 1 4 ) . 

I f St = 10 ,000 p s i , 

Qmax = 43.5 °C/min using (14a) 

or, = 87 °C/min using (14). 

T = 800 °'C 

If St = 2000 psi, 

Qinax = 0 . 0 9 ° C / s e c = 5 .5°C/min u s i n g (14a) 

o r , = 11 .0°C/min u s i n g (14) 
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If St = 10,000 psi, 

Qmax = 27.5°C/min using (14a) 

or, = 55°C/min using (14) 

T = 1200°C 

If St = 2000 psi, 

Qmax = 0.076°C/sec = 4.5°C/min using (14a) 

or, = 9°C/min using (14). 

If St = 10,000 psi, 

Qmax = 22.5°C/min using (14a) 

or, = 45°C/min using (14). 

These results clearly indicate that acceptable cooling rates for MHW 
spheres increase as the mean temperature of the sphere decreases, assum
ing the tensile strength of the fuel is reasonably independent of temper 
ture over the temperature range of 400 to 1200°C. 

For heating: 

Qm a X 

Qmax 

T = 400°C 

aSt(l-y) 
Ea 

aSt(l-y) 
Ea 

15 

7 

(15) 

(15a) 

7 

If St = 2000 psi, 

^ ^ 1.4 X 10-2 X 2 X 10^ X 0.7 

°̂'̂ =' 17.8 X 10" X 11 X 10-" • (1.86)^ 

= 0.21 °C/sec = 12.6 °C/min using (15a) 

or Qmax = 27.0 °C/min using (15). 

If St = 10,000 psi, 

Qmax = 63°C/min using (15a) 

or, Qmax = 135°C/min using (15) 

T = 800°C 

If St = 2000 psi, 

_ 0.8 X 10-2 X 2 X 10^ X 0.7 7 ^°'*'' 16.2 X 10" X 11 X 10-" • (1.86)2 

= 0.13°C/sec = 7.6 °C/min using (15a) 
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or Qmax = 16.3°C/min using (15) 

If St = 10,000 psi, 

Qmax = 38°C/min using (15a) 

or, Qmax = 81.5°C/min using (15) 

T= 1200°C 

If St = 2000 psi, 

n - 0.61 X 10-^ X 2 X 10^ X 0.7 7 
"̂"'̂  16.6 X 10" X 11 X 10-" • (1.86)2 

= 0.12°C/sec = 6.5°C/min using (15) 

or, Qmax = 13.8°C/min using (15a) 

If St = 10,000 psi, 

Qmax = 32.5°C/min using (15) 

or, Qmax = 69°C/min using (15a) 

Cooling or Heating a Sphere with a Constant Blot's Modulus 

As discussed previously. Blot's modulus for a sphere is given by 3 = rh/K. 
In order to compute the critical temperature difference which causes the 
sphere to fracture, it is necessary to have the value of the surface heat 
transfer coefficient, h. The h values for alumina spheres in air and 
fused salt have been determined at various temperatures.^ The values for 
air were assumed to be appropriate for MHW spheres in a helium atmosphere 
and this assumption seems reasonable for the present case. 

These values and the computed 6 values for porous Pu02 at various tempera
tures are shown in Table 4. The results of calculations, using Equation 
16 for the critical temperature change that causes the sphere to fracture, 
are shown in Figure 9 for assumed tensile strength values of 2000, 5000 
and 10,000 psi. 

Table 4 

BIOT'S MODULUS (g) AND SURFACE HEAT TRANSFER COEFFICIENT (h) 
FOR PuOa SPHERES IN AIR 

h X 10^ 6 

(cal/sec-°C-cm) (dimensionless) 

2.8 0.60 

3.6 1.2 

6.8 2.9 

Temperature 
(°C) 

440 

800 

1200 
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Recently measured temperature gradient measurements in a 100-watt MHW 
sphere reported by LASL2^ indicate that the existing gradient in one of 
these spheres in a relatively low-flow argon atmosphere is approximately 
of the order indicated in Figure 9 for St = 5000 psi. The sphere was 
externally heated by a tube furnace while in the gas atmosphere. The 
heat transfer conditions for a self-heating sphere in a gaseous atmosphere 
are not the same as those used in deriving Equation 16, but the results 
will be indicative of the temperature change a sphere can sustain. 
Solutions for the stress field in a self-heating sphere and with pre
scribed surface heat transfer conditions could not be found in the litera
ture. While Equation 16 is the solution for a sphere initially at a uni
form temperature, the results shown in Figure 9 should be reasonable first 
approximations of the thermal shock conditions necessary to fracture a 
self-heating sphere. The tensile fracture strength of the fuel is ob
viously a critical property and is presently unknown for this ceramic 
material. A relatively modest increase in the tensile strength of the 
fuel results in a considerable improvement in the thermal shock fracture 
resistance of the fuel sphere. 

The time required for a PPO sphere to reach the critical fracture stress 
after a temperature change, ATc, is imposed upon the sphere is obtained 
from Equation 19. Values for 0 from Figure l--values at r = a for appli
cation of cooling shocks, and values at r = o for heating shocks--were 
used to compute the time to fracture for porous PuOa. These results are 
shown in Figure 10. The time required to reach the fracture stress after 
the application of ATc is considerably longer when the temperature change 
is positive, i.e., a heating, rather than a cooling, shock. 

Thermal Fracture by Radiation Cooling or Heating 

Using Equation 23 and assuming a total emissivity of 0.8 for the fuel, 
the radiation temperature change required to fracture a porous PuOa sphere 
by heating or cooling was calculated and is shown in Figure 11 for three 
strength levels. Figure 11 indicates that relatively severe changes in 
the radiation environment of a MHW sphere are required to induce fracture. 
For instance, a sphere at 1000°C with a strength of 2000 psi which is 
suddenly placed in a new radiation environment at 450°C or 1450°C would 
fracture by thermal shock. Reasonable precautions in controlling the 
thermal radiation environment of the fuel spheres should preclude thermal 
shock fracture by this mechanism. 

Thermal Stress Damage by Radiation Cooling or Heating 

In order to minimize thermal stress damage effects in PPO spheres it is 
important to maximize, if possible, S^ in Equation 28 for a sphere. This 
can be accomplished in a real material by varying the radius of the sphere, 
increasing the number N of crack initiation sites, or increasing Yeff> 
the effective fracture surface energy. As r increases, St (optimum) de
creases; thus, for large spheres, strength is optimum at a lower value 
than for small spheres. Since r is fixed in the case of the MHW generator 
by the system design, the only quantities in Equation 28 which can be con
trolled are Ye,,, N, and the crack length, Lo, Experimental data are 
scarce for Yeff as a function of the microstructure of various ceramics, 
but there is evidence that Yeff of ceramic AI2O3 can be increased to 
approximately 10^ ergs/cm2 from approximately 10"* ergs/cm2 by the intro
duction of short molybdenum fibers into the ceramic. If the thermal 
damage or fracture resistance of PPO spheres becomes a serious problem, 
the introduction of inert metal fibers into the ceramic would be an 
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effective way to improve these properties. This is based upon the assump
tion that the oxide effectively bonds to the metal fibers during fabrica
tion, so that the bonding between the two will increase "effective Y". 
Also, proper manipulation of the microstructure increases N during thermal 
fracturing, and thereby increases the thermal damage resistance. 

Due to the difficulty in assessing the thermal boundary conditions of a 
PPO sphere during processing, it is not a simple matter to specify which 
of the thermal shock models are most pertinent. A conservative view would 
require that all be employed and the one providing minimum AT required for 
sphere fracture be analyzed carefully in a particular situation. As shown 
by the PPO fuel behavior in Figure 2(a), a thermal shock insufficient for 
catastrophic failure, nevertheless results in a critical ATc, significantly 
weakening the fuel without any visible evidence. Subsequent handling and 
thermal cycling of the sphere can then lead to stresses exceeding the new, 
lower St value, and the sphere may fracture for no apparent reason. 

At temperatures above ~1350°C, considerable creep probably occurs in the 
fuel due to thermally induced stresses. As the rate of creep increases, 
there is a point at which the sphere becomes fairly resistant to thermal 
shock fracturing. This occurs because creep relieves stress before the 
critical fracture stress is achieved in a given thermal shock situation. 
Estimates of these effects could be made if very high temperature thermal 
shock were anticipated for the fuel spheres. 

SUMMARY 

Using a conservative stress analysis for the sphere, the maximum allowable 
heating rate for the surface varies from 35°C/min to 7°C/min at 1000°C, 
as St varies from 10"* to 2 x 10^ psi. Maximum allowable cooling rates for 
the sphere surface vary from about 25°C/min to 5°C/min as the strength 
varies over this same range. For a constant strength, higher heating and 
cooling rates can be tolerated by a sphere at lower temperatures. 

With a constant heat transfer coefficient, the maximum thermal shock that 
a sphere can withstand is larger at lower temperatures and is directly 
proportional to the tensile fracture strength of the fuel. The critical 
ATO for fracture under these conditions varies from about 220°C to 450°C, 
as St varies from 10"* to 2 x 10^ psi at 1000°C. Using heat transfer co
efficients applicable for a sphere in air, ATc increases at lower tempera
tures, and thus, a sphere is more shock fracture resistant at lower temper
atures . 

Relatively severe radiation heating and cooling shocks are required to 
fracture the fuel sphere. Radiation thermal shocks of 810°K to 540°K are 
required to cause sphere fracture as St varies from 10"* to 2 x 10^ psi. 
Thermal stress damage resistance of a sphere can be increased by 1) in
creasing the surface fracture energy of the fuel, 2) increasing the number 
and size of initial cracks present in the fuel, or 3) decreasing the sphere 
radius. The surface fracture energy of the fuel can be effectively in
creased by placing short, unoriented refractory metal wires in the fuel, 
provided that good bonding is achieved between the fuel and wires during 
fuel fabrication. The number and size of initial cracks can be increased 
by producing large-grained microstructures and high porosity in the fuel. 
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