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FOREWORD 

This report is submitted by Battelle's Columbus Laboratories to 

summarize research conducted under ERDA Contract W-7405-eng-92, Task 67. 

A. P. Litman represented ERDA/SNS as Program Manager and F. L. Bagby served 

as the Battelle-Columbus Program Manager. Major contributions to the report 

were provided by the following Battelle staff members: 

W. H. Duckworth, Task Leader, and Ceramic Materials 

Technology 

F. A. Simonen, Impact Member Stress Analysis . 

The research described in this report was part of a larger technology program 

concerned with impact member and heat shield materials for heat sources used 

in space power generation. The results of this study have broad application 

in evaluating structural ceramics where they are applied under conditions of 

high stress loadings. 

* Subsequent to the preparation of this report and prior to its issue, 
Space Nuclear Systems (SNS) Division of ERDA became part of a new Division, 
Nuclear Research and Applications (NRA). 
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ANALYSIS OF CERAMIC MATERIALS FOR IMPACT MEMBERS 
IN ISOTOPIC HEAT SOURCES 

by 

F. A. Simonen and W. H. Duckworth 

INTRODUCTION 

Since January, 1975, Battelle's Columbus Laboratories has been 

evaluating and testing advanced bulk and composite ceramic materials that 

might serve as improved impact and heat shield members for isotopic heat 

sources. A major goal in this research is the development and demonstration 

of a bifunctional material that would serve as a combined impact member and 

heat shield. This report presents the results of the analytical study of 

the impact response of high strength refractory ceramics. Other efforts 

in the research program on impact member materials have been directed 

primarily toward experimental and analytical studies of carbon-carbon 

composites. 

The studies attempt to develop insight relating to advanced materials 

concepts. For reference. Figure 1 shows the currently used spherical heat 

source from the Multi-Hundred Watt (MHW) Radioisotope Thermoelectric Generator 

(RTG) being developed by General Electric's Space Division. This concept was 

originally motivated by the desire to obtain an all-ceramic heat source. As 

indicated in Figure 1, the only metallic portion is a 0.020-in.-thick iridium 
238 

clad which separates the PuO„ fuel from the carbon impact shell. This 

iridium post-impact containment shell (PICS) is to provide positive fuel 

containment in the event of impact with loss of carbon shell continuity in 

"cushioning" the fuel. 

In the analytical study of ceramics, elastic response models were 

utilized which assumed that the stress-strain behavior of the ceramic materials 

was linear elastic up to the point of fracture. Once the tensile strength of 

the brittle ceramic material was exceeded at any location within the member, 

catastrophic fracture was assumed to occur. If fracture did not occur, it 

was assumed that elastic rebound from an unyielding target resulted. 
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The comparison and evaluation of high strength ceramics was made 

on the basis of performance in a representative model of a spherical heat 

source. This heat source included a spherical ceramic outer shell to provide 

impact protection and containment of the enclosed fuel. A set of ranking 

parameters was developed and applied to show relative impact velocity capa

bilities of the candidate materials. These parameters accounted for the 

sensitivity of shell fracture to material properties (strength, modulus, and 

density) as well as target properties. Out of the ranking process, several 

preferred ceramic materials were identified as having the best impact per

formance among the candidates. Of these preferred materials, silicon nitride 

(Si„N,) was selected for further study, and a detailed study of the dynamic 

response of a silicon nitride impact member was conducted using the finite-

element computer program HONDO. 

This report describes the analyses and conclusions relative to 

the use of high strength ceramic materials In heat source impact applications. 

Limitations in impact performance are identified and discussed, and anticipated 

problems in the fabrication and design of heat sources using structural ceramic 

materials are identified and discussed. The results will apply to cylinders, 

parallelepipeds, etc., as well as spherical shapes. 

SUMMARY 

A procedure for comparing the relative impact performance of 

ceramic materials was developed on the basis of a set of three ranking 

parameters which were first defined. The basis and significance of these 

parameters are presented and discussed in detail. The parameters are then 

applied to compare the performance of a list of candidate high strength 

ceramic materials. Silicon nitride is identified as offering the most promise, 

followed by aluminum oxide and silicon carbide. 

Extensive stress analyses of a heat source with a silicon nitride 

impact member were performed using a finite-element computer code for struc

tural dynamics analyses. Factors such as target compliance, fuel strength, 

and fuel-to-ceramic bond strength were studied in order to define the impact 

velocity limitations of a ceramic impact member. 
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It was determined that allowable impact velocities for a heat 

source with a ceramic impact member of less than 100 ft/sec could be expected, 
238 

with the impact performance being limited in part by present-day PuO„ 

ceramic fuels which have relatively low strengths. The stress analyses show 

that the presence of a strong and unyielding fuel would reduce stresses in 

a ceramic impact member. If, in the future, stronger fuels can be developed, 

one could expect allowable impact velocities of 200 ft/sec or greater. 

Techniques to bond the fuel to a ceramic shell would also be required. Even 

to achieve impact velocities in the 100 to 200 ft/sec range, some form of 

additional limited impact protection would be required to distribute or 

"cushion" the high contact stress acting on the ceramic shell at the point 

of impact. Consideration of the fabrication and design problems associated 

with a ceramic impact member indicates that an extensive development effort 

would be required for their resolution. 

It is concluded that ceramic materials have limited potential for 

present-generation heat source impact member applications. Recommendations 

for future research by NRA in this area do not appear justified. However, 

the procedure described in this report for ranking ceramic materials will 

prove useful in screening all ceramic materials including bulk and composite 

graphites. The latter group of materials are, and will continue to be, 

extensively used in heat sources and in Isotopic power systems. 

BACKGROUND ON IMPACT MEMBER PROBLEM 

The use of a radioisotope heat source in space presents a potential 

hazard in that under special circumstances an aborted mission or orbital decay 
238 (1)* 

might result in the release of radioactive PuO„. The present approach 

to avoiding this possibility is that of packaging the fuel within multiple 

layers of materials so that its containment is assured after atmospheric 
reentry and earth impact. This report focuses on the possibility of structural 

* References are listed on page 40. 



5 

failure due to impact on unyielding granite (idealized design condition). 

The optimum heat source under these conditions is one that provides assured 

fuel containment in the event of earth impact with minimum overall system 

weight. 

Impact velocities of present interest range from 100 to 500 ft/sec, 

with one contemporary system being in the range of 300 ft/sec. In normal 
238 

heat source operation, the PuO„ fuel is at temperatures ranging upward to 

1400 C, and accordingly the impact member must be made from a material that 

is both heat resistant and heat conductive. The requirement for heat resist

ance is imposed by the need to prevent long-term degradation of properties, 

while conductivity is required to allow the proper thermal flux to reach the 

thermal-electric converters on the exterior of the heat source. Ideally, 

this conductivity would be decreased during reentry so that the materials 

will serve as an insulator and protect the isotope fuel from excessive 

temperatures from exterior reentry heating that might lead to melting, 

Increased helium release, or interaction potential. (Most of the required 

thermal reentry protection is provided by the heat shield.) 

In all recent designs of RTG's, the radioisotope heat source has 

been contained within a graphite shell for protection against reentry heating. 

Upon impact, the remaining thickness of graphite ('\'50%) fractures in a brittle 

manner and is not expected to ease the impact of the heat source. In the 

present systems, primary containment of the fuel is provided by a metallic 

shell. This will probably be a requirement of future systems also, due to 

handling, assembly, and radioactive characteristics. In the type of heat 
(2) 

source such as used in the SNAP-19 Pioneer and Viking RTG , the metal shell 

serves as a structural containment and impact member which helps to prevent 

lateral expansion of the fuel and consequently fuel capsule deformation and 
(3) rupture upon impact. In the more recent MHW design , the metallic shell 

serves only a containment function, with energy absorption and strength 

being provided by a carbon-carbon composite outer impact shell around the 

individual modules. 

Certain advantages of using ceramics in place of metals have long 

been recognized. The requirement that heat sources operate at elevated 

temperatures for extended time periods limits the designer in the selection 
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of metals to refractory and noble metals and their alloys which are expensive. 

Metallurgical stability is required at service temperature to maintain 

strength and ductility of the metals. A severe limitation of the refractory 
238 

metals is their tendency to interact to varying degrees with PuO„ fuel 

and to oxidize at elevated temperatures when exposed to ambient earth 

environments for extended time periods. The latter condition is present 

after earth impact, and prevention of eventual exposure of fuel to the 

environment cannot be assured. In contrast, refractory ceramics offer 

stability and can be oxidation-free when exposed for long periods of time 

at elevated temperatures. Thus, if a ceramic containment shell could with

stand the stresses imposed from earth impact, the ceramic could provide fuel 

containment for indefinite time periods. There are also obvious disadvantages 

of ceramics, chief among those are their characteristic brittle fracture mode 

and their associated low impact resistance and sensitivity to stress concen

trations. Also, fabrication difficulties must be overcome in order to 

assemble a ceramic shell over a contained fuel and to incorporate a vent into 

the assembly to permit the release of helium gas generated from radioactive 

decay of the fuel. 

The study described below is strictly analytical in nature. The 

purpose was to determine if a ceramic impact shell could realistically be 

expected to withstand stresses imposed during reasonable impact. The effort 

involved a systematic review of present-day, high strength and high melting 

point ceramics in the context of heat source applications. The results of 

this feasibility study form a basis for decisions on possible future develop

mental and test programs and demonstrate the utility of interdisciplinary 

analytical studies in evaluating speculative thoughts on materials selection. 

DEFINITION OF RANKING PARAMETERS 

In order to compare the relative performance of materials on the 

basis of property data, a set of three material ranking parameters was 

developed. The parameters were applied to estimate the velocity at which 

impact members of high strength ceramic materials could strike an unyielding 

target without fracturing. Reported mechanical properties of the candidate 

ceramic materials were used for this study. 
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A ranking parameter, as conceived in this study, serves to relate 

the performance of a material (impact-velocity capability) to relevant 

material properties (strength, elastic modulus, and density). Such parameters 

were derived on the basis of simplified stress analyses of representative 

impact conditions. Thus, the calculated values of ranking parameters for 

different materials are intended to show the relative impact-velocity capa

bility of one material compared to another. The results are intended to be 

indicative of performance rather than precise evaluations. 

A total of three ranking parameters were defined, and these are 

listed in Table 1. Each parameter considered a different mode of deformation 

and associated stress state which can govern the brittle fracture of a ceramic 

material under impact conditions. Each of these parameters is described and 

evaluated below. 

TABLE 1. SUMMARY OF RANKING PARAMETERS USED IN SCREENING OF 
HIGH STRENGTH CERAMICS IN IMPACT RESPONSE 

Ranking Parameter Factors Considered 

R- - Contact Stress Parameter Local Hertzian contact stresses and 
the way fracture due to these stresses 
is governed by the strength of the 
impact member and the elastic moduli 
of both impact member and target. 

R_ - Geometry Effect Parameter Stresses due to bending in a shell, 
and how fracture due to these stresses 
is governed by the strength, elastic 
modulus, and mass density of the 
impact member material. 

R„ - Stress Wave Parameter Stresses due to stress wave propaga
tion, and how fracture due to these 
stresses is governed by the strength 
of the impact member and the moduli 
and mass density of both impact 
member and target. 
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Contact Stress Parameter - R̂  

When a ceramic spherical shape contacts a hard, unyielding surface, 

as in impact, high local stresses result in the very small region where the 

surface of the sphere is actually in contact with the impacted target, as 

shown in Figure 2. The analysis of such stresses is described in the refer

ences on the subject of the mathematical theory of elasticity under the title 

of Hertzian contact stresses (e.g.. Reference 4). Fracture of brittle ceramic 

materials is governed by the maximum tensile stress in the contact region. 

Through manipulation of contact stress equations, the following ranking 

parameter for impact-velocity capabilities can be derived: 

a 5/2 / 12 

R^ = 16.59 -j/2- 1 + |- , ft/sec , 
P \ t/ 

where 
3 

p = density of fuel, lb/in. 

a = tensile strength of ceramic outer shell, psi 

E = modulus of ceramic outer shell, psi 

E = modulus of target, psi . 

5/2 
This equation indicates the importance of a high tensile strength (a ), 

1/2 
while density (p ) is a much less critical factor in determining allowable 

Impact velocity. The contact stress analysis shows the stress to be a function 

of the overall mass of the sphere and it was assumed that the fuel density, 

rather than impact shell density, is the primary contributor to the overall 

mass of the sphere. The above equation also shows that a low value of elastic 

modulus tends to enhance impact performance. 

The analysis for the parameter R̂  applies to the impact of two hard, 

unyielding materials without the presence of a cushioning medium between the 

materials. Fractures are found to occur in the manner suggested by the 

analysis when, for example, glass is subjected to impact and a characteristic 

conical fracture surface Initiates at the impact point. The analysis applies 
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FIGURE 2. ANALYTICAL MODEL FOR RANKING PARAMETER R, 
FOR HERTZIAN CONTACT STRESSES 
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in particular only to initiation of fractures at the contact point and does 

not imply that sufficient energy is available to produce total fracture of 

the impacting ceramic. Experimentally such fractures appear as arrested 

cracks originating from the point of contact. The value of tensile strength 

used to predict fracture initiation due to local contact stresses was treated 

as a deterministic property of the material. This is an oversimplification 

of the actual situation. Fracture of a brittle ceramic is initiated at 

defects in the material. Since contact stresses are only very local in 

nature, the probability of a large defect in the region of high stress would 

be less than in a mechanical test where more of the bulk of the material is 

subjected to high stresses. Accordingly, the appropriate strength of the 

material for use in the above equation could be greater than that indicated 

by standard tensile and bend tests on the material. A detailed discussion 

of the factors that affect the strength of ceramic materials is given in 

a separate section below. 

Some uncertainty exists as to the ability of the above equation 

to predict absolute values of impact velocities to induce contact stress 

fractures in ceramic materials. This is mainly due to uncertainties in 

defining fracture stress. Nevertheless, we believe the equation provides 

a reliable guide to comparing the performance under high contact stress of 

different ceramic materials. 

Geometry Effect Parameter - R-

In defining this ranking parameter, R„, the impact of a hollow 

ceramic sphere was considered. The dynamic stresses were estimated on the 

basis of the finite element, stress analysis model of a hollow sphere as 

shown in Figure 3. 

If the local Hertzian contact stresses do not result in catastrophic 

fracture, failure will occur at a location remote from the contact point as 

the impact shell responds dynamically to the impact loadings. Impact-point 

fracture can be prevented if the contact stresses are distributed by a layer 

of deformable material (e.g., metallic outer shell) or crushable material 
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FIGURE 3. FINITE-ELEMENT ANALYSIS OF ELASTIC IMPACT STRESSES 
IN SPHERICAL SHELL FOR RANKING PARAMETER R̂  
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(e.g., outer layer of carbon-carbon composite). A rigid target was assumed, 

and the effect of fuel within the shell was not considered. It was reasonable 

for ranking purposes to first require that a ceramic impact shell be capable 

of withstanding impact without the added presence of loads Imposed by the 

fuel on the ceramic shell. Consideration of mechanical fuel interactions 

was not within the scope of the initial material ranking effort. Subsequent 

analyses as reported below show that the R_ type of stress is insensitive 

to the presence of the fuel for the case of a weak and yielding fuel. However, 

for a strong fuel which is bonded to the ceramic shell, the stress in the 

ceramic shell is substantially less than that for the corresponding hollow 

sphere. 

A finite-element stress analysis indicated that the critical tensile 

stress was of a bending nature, and occurred at the inside surface of the 

sphere directly opposite the impact point. It was found that the allowable 

impact velocity, defined as the ranking parameter R„, could be expressed 

in the form 

R^ = K (X) a^ / v ^ 

where 

X = measure of contact area 

K (X) = function defined by finite-element analysis 

0 = tensile strength of ceramic 

E = elastic modulus of ceramic 

p = density of ceramic. 

This equation shows the impact performance to be directly proportional to 

the tensile strength of the ceramic. Performance is also enhanced by low 

values of modulus and density. 

The function, K (X), and the contact area parameter, X, were deter

mined from a series of finite-element stress analyses for a hollow ceramic 

sphere using the model of Figure 3. These analyses were performed on the 

basis of static considerations, with the dynamic inertial loading applied 
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as a distributed body-force loading to the hollow elastic sphere. An energy 

method was used to relate stored elastic strain energy to kinetic energy of 

the impacting sphere. In this way stresses in the ceramic sphere were 

related to elastic modulus, density, and impact velocity. 

Stress Wave Parameter - R-

The ranking parameter R- was defined in order to consider an upper 

limit on impact velocity, and also to include the effect of the relative 

moduli and densities of the assumed granite target and impacting ceramic. 

The analytical model, as shown in Figure 4, was one of a short rod 

of the ceramic material striking a long rod of the target material (e.g., 

granite). Such a condition might be approached if a solid ceramic sphere 

were to impact under conditions where the contact stresses were very well 

distributed by cushioning material. In an impact of the assumed type, a 

compressive stress wave is generated at the impact point and propagates into 

the impacting material at sonic velocity. The level of compressive stress 

can be calculated from the equations governing wave propagation in elastic 

materials as given in Reference 4. 

The ranking parameter R„ is a measure of the Impact velocity required 

to induce a compressive stress equal to the compressive strength of the 

material. This parameter is defined as 

^3 = 1 + 
Ep 

where 

a = 
c 
E = 

E. = 

P4. = 

compressive strength of ceramic 

elastic modulus of ceramic 

density of ceramic 

modulus of target 

density of target. 
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Modulus = E 
Density = P 

Modulus = ET 
Density = p^ 

FIGURE 4. ANALYTICAL MODEL FOR RANKING PARAMETER R, 
FOR STRESS WAVE PROPAGATION CONDITIONS " 
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It is of interest that the strength, modulus, and density of the ceramic 

enter the analysis in exactly the same manner as for the case of the analysis 

for the parameter R_. 

RANKING OF HIGH STRENGTH CERAMICS 

Numerous ceramic materials with high strengths and high melting 

points have been studied for various purposes, and were evaluated in this 

study. Table 2 lists a selected grouping of ceramics which could be of interest 

for heat source applications. Also listed for purposes of comparison is a 

high strength commercial bulk graphite (Poco). 

Table 2 gives the results obtained in applying the parameters R , 

R^, and R„ to the listed materials. Also given are the values of material 

properties used in the ranking procedure. Density and modulus values for all 

materials are all based on well-established data. However, judgement at times 

was used in selecting strength values. Considerable variation in strengths 

can occur for a given ceramic material depending on processing details. Most 

of the high strength ceramics exhibit tensile strengths as normally measured 

in the range of 50,000 to 100,000 psi. Strengths in the upper level of this 

range can generally be achieved in a given ceramic if extensive development 

efforts are applied to the material. However, as discussed earlier, the 

achievable level can differ from the usable level in a structural application. 

For ranking purposes, room-temperature strength levels were used. Most 

ceramics will retain strength up to temperatures of 1000 C or higher, above 

which rapid softening occurs with increasing temperature. At these higher 

temperatures viscous behavior and reduced strengths are observed. Compressive 

strengths of ceramics are difficult to measure, since under compressive 

loading fracture usually results from secondary tensile stresses that develop 

in the specimen. For purposes of calculating the ranking parameter R„, it 

was assumed that the compressive strengths of the materials were twice the 

tensile strength. Such an assumption is conservative. Carbon composites are 

not included in this table, but will be treated in a subsequent report on this 

task since the ranking parameters are applicable only to isotropic elastic 

materials. 



TABLE 2. RANKING OF MATERIALS FOR IMPACT PERFORMANCE ON THE BASIS OF ELASTIC RESPONSE 

Material 

MoSi2 

WSi2 

TaSi2 

TiB2 

ZrB2 

ZrB2-B 

ZrB2-MoSi2 

B4C 

VC 

BN 

T^2«^17 
BeO 

Zr02 

Si3N, 

SiC 

AI2O3 

Poco Graphite 

Density, 
g/cc 

6.2 

9.3 

9.1 

4.5 

6.1 

5.4 

5.2 

2.5 

5.5 

2.3 

5.1 

3.0 

5.8 

3.2 

3.1 

4.0 

1.8 

Tensile 
Modulus, Strength, 
psi psi 

63 X 10^ 

50 X 10^ 

50 X 10^ 

62 X 10^ 

73 X 10^ 

30 X 10^ 

70 X 10^ 

65 X 10^ 

63 X 10^ 

10 X 10^ 

55 X 10^ 

58 X 10^ 

35 X 10^ 

45 X 10^ 

70 X 10^ 

55 X 10^ 

1.5 X 10^ 

50,000 

50,000 

50,000 

40,000 

50,000 

65,000 

25,000 

50,000 

50,000 

20,000 

80,000 

45,000 

35,000 

100,000 

80,000 

100,000 

12,000 

Ranking Parameters 

\' h' S' 
ft/sec ft/sec ft/sec 

6.2 

6.5 

6.5 

3.5 

6.0 

15.0 

1.1 

6.1 

6.1 

1.6 

20.6 

4.8 

3.0 

38.1 

19.5 

36.0 

5.5 

10.0 

8.9 

9.1 

9.6 

9.4 

17.6 

5.3 

15.5 

10.6 

14.6 

17.7 

13.4 

9.5 

28.6 

20.7 

24.2 

14.9 

228 

225 

225 

189 

225 

328 

115 

252 

231 

145 

378 

225 

172 

513 

389 

486 

170 
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The R̂  parameter gives rankings approaching 40 ft/sec. The upper 

limit of the R„ parameter is around 30 ft/sec. In contrast, R~ values up 

to 513 ft/sec (for Si„N,) were calculated, which indicates that under ideal 

conditions impact velocities of interest to RTG applications may be possible. 

These conditions consist of adequate cushioning to prevent the R type of 

fracture, and the ability to design and fabricate a fuel-containing ceramic 

shell that would have the same performance as a solid sphere made of the 

best of the candidate ceramics. Additional analytical study of the potential 

Impact performance of solid ceramic spheres is described below. In this 

regard, consideration of the R,̂  parameter indicates that a ceramic shell 

would have relatively poor Impact performance under conditions where the 

fuel is loosely fit into the shell. 

The most important material property affecting the order of the 

ranking of the materials is tensile strength. The two most outstanding 

materials in the ranking are Si N, and A1„0„ which were the only two ceramics 

for which tensile strengths as high as 100,000 psi are given in Table 2. 

For the materials listed in Table 2, low modulus values are associated with 

low tensile strengths. Thus, the benefit of low moduli for certain of the 

materials is offset by low tensile strengths. 

Density differences between materials are not associated with 

strength, and lower density enhances impact performance. Lower density, of 

course, also is a benefit in reducing heat-source weight. On the basis of 

high strength and low density, silicon nitride (Si„N,) and silicon carbide 

(SiC) were judged to be the most promising of the listed ceramics. 

DETAILED ANALYSIS OF SILICON NITRIDE IMPACT MEMBER 

On the basis of the ranking-parameter screening of ceramic materials 

for impact performance, silicon nitride (Si„N,) was selected as the most 

promising of the high strength ceramics. Further efforts were directed to 

defining more precisely the velocity limitations of a Si„N, impact member. 

Also, the importance of such factors as shell thickness, loads imposed on 

the ceramic shell by the fuel, and elastic deformation of the target were 
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investigated. These factors were studied using finite-element models of 

a spherical heat source. In this work the computer code HONDO as developed 

by Sandia Laboratories was applied to calculate transient stresses during 

the impact event. 

Effect of Shell Thickness 

Figure 5 shows the results of analysis of spherical impact shells 

of various wall thicknesses along with a solid sphere of Si„N,. These 

results were generated using the quasi-static stress analysis and energy 

balance approach described above for the ranking parameter, R-. For a hollow 

shell, the tensile bending stress decreases as the thickness of the shell 

increases. As indicated, the tensile stress in the solid sphere is signifi

cantly less than that in the hollow spherical shells. The results of 

Figure 5 correspond to the R- ranking parameter for hollow spheres and, as 

such, assume that local contact stresses at the point of impact are distributed 

by the presence of a layer of deformable material. In the case of the solid 

sphere, the tensile stress is internal rather than at a surface as in the 

hollow sphere. The results indicate that a cushioned solid Si_N, sphere 

could sustain an impact with a rigid target of nearly 200 ft/sec without 

fracture. Such an impact velocity is indicative of a monolithic heat source 

in which a strong ceramic fuel is integrally bonded within the ceramic impact 

shell. A dynamic stress analysis of such a heat source is described below. 

It is pointed out that a major developmental effort would be required in 

order to successfully fabricate such a monolithic heat source, particularly 

because of the problem in achieving a strong core-cladding bond and high 

strength in both components. 

Dynamic Versus Quasi-Static Analysis 

The initial derivation of the ranking parameter, R„, and the curves 

of Figure 5 were based on application of energy methods to quasi-static type 

stress analyses. To check the validity of this approach, the structural 
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dynamics code HONDO has been applied to specific impact conditions for both 

solid and hollow sphere configurations. Results, shown in Figures 6 and 7, 

indicate remarkable agreement between the static and dynamic stress distri

butions. The static solution forms an envelope to the peaks of the dynamic 

stress pattern at various times. As can be seen, the dynamic solutions 

show greater spatial variation in stress due to the presence of higher 

frequency modes of response. The static solutions approximate only the 

lowest frequency, or fundamental mode, which is of greatest interest. 

Figure 8 shows the time variation of deflection of the point on the back 

surface of the sphere. Very little difference in impact duration is present 

(approximately 60 microseconds, as indicated in Figure 8) between the hollow 

and solid sphere. The impact duration is also very nearly that (59.8 micro

seconds) estimated on the basis of contact stress theory as used for R̂  

comparisons (Reference 4). This indicates that the duration of the impact 

event is governed primarily by the local deformation in the region of the 

sphere adjacent to the impact point. 

Effect of Target Deformation 

The ranking parameter, R„, includes the effect of an elastic target 

(as opposed to a rigid target) on stresses in an impacting ceramic. Trends 

indicated by this parameter show that stresses for a granite target can be 

substantially less than stresses for an ideally rigid target. Therefore, 

it was believed that the stresses based on the rigid-target assumption are 

overestimated. A granite target (elastic modulus of 9 x 10 psi) is 

relatively compliant relative to Si-N, (elastic modulus of 45 x 10 ) and, 

thus, target deformations can significantly reduce impact member stress 

levels. 

Figures 9 and 10 show the results of stress analyses performed with 

the HONDO computer code to evaluate the effect of impact taking into account 

elastic deformation of a granite target. The comparison is made for a solid 

Si_N, sphere impacting both a rigid and an elastic granite target at a 

velocity of 100 ft/sec. It is seen that target deformations significantly 
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reduce the maximum stresses in the Si„N,, with the reduction being from 

about 80,000 psi to about 15,000 psi. This result shows that the target 

response will significantly effect the occurrence of fracture of the ceramic 

during impact. Therefore, in evaluating impact response of ceramics, careful 

consideration should be given to the target material. In the analyses 

reported here, the granite was assumed to respond in an elastic manner 

without fracturing. In an actual impact situation, local fracturing at 

the impact point in the granite target is certain to occur if the impacting 

material is as hard and strong as Si„N,. The energy absorption associated 

with fracturing of the target (cracking and local crushing of the granite) 

has not been taken into account, and probably cannot be treated satisfactorily 

on an analytical basis. Since the tensile strength of granite is on the order 

of 10 to 20 times less than that of Si„N,, it is believed that fracturing as 

well as elastic deformation will result in reduced stress levels in the 

impacting ceramic. This effect will probably be more important to the R.. 

type of contact stress than the R„ type of bending stress. Results reported 

below for stresses in hollow ceramic shells show R„ type of stress levels 

to be relatively less sensitive to target response (reduction in stress by 

a factor of about two rather than about five). 

Effect of Fuel 

In development of the ranking parameters and in the analytical 

screening of high strength ceramics, the presence of the fuel was neglected, 

except for the parameter R. where the fuel was factored into the overall 

heat source mass. Within present RTG systems, the bulk mechanical properties 

of the fuel are still being determined, and they are not well-controlled. 

There is also a considerable variation in microstructure and properties, 

core to surface, indicating variation in mechanical properties of the fuel. 

Thus, there is no "standard" fuel which can be used for the ranking procedure. 

Also, consideration of the fuel would have made derivation of simple ranking 

parameters very difficult. In the final analysis, it is not believed that 

the intrinsic properties of the fuel will affect the preceding relative 
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rankings of the ceramic materials. The fuel, however, will affect the 

absolute values of the estimated impact-velocity capabilities. Therefore, 

analyses were conducted on the basis of assumed behavior of both "weak" and 

"strong" ceramic fuels. 

Figure 11 shows the effect on stress levels of the presence of a 

weak or yielding Pu0„ fuel within a hollow Si„N, impact shell. A rigid 

target and an impact velocity of 100 ft/sec were selected for this comparison. 

An elastic-plastic behavior and an elastic modulus of 25 x 10 psi and a 

yield strength of 10,000 psi were assumed for the fuel. It was assumed that 

no bond existed between the fuel and the Si„N, shell. The interface between 
3 4 

the fuel and impact shell was permitted to support compressive stresses, 

but not tensile or shear stresses. The bending stresses in the shell were 

found to be slightly reduced from those calculated for the empty shell 

(Figure lib). Hoop stresses were found to be at a higher level in the 

impact shell containing fuel. This was due to pressure imposed on the inside 

of the shell by the decelerating fuel. However, these hoop stresses were 

much lower in magnitude than the bending type of stresses shown in Figure lie. 

Figure 12 shows the finite-element model developed for analyzing 

stresses in a Si„N, shell with fuel for impact with a large granite target. 

This model was used in analyses using the HONDO finite-element code. Results 

of calculations for a strong (or unyielding) fuel are shown in Figure 13 for 

comparison with the results shown in Figure 14 for a weak (or yielding) fuel. 

For the strong fuel, an elastic modulus of 25 x 10 psi was used, and it was 

assumed that a bond existed between fuel and the Si„N, shell. At the selected 
3 4 

impact velocity of 100 ft/sec, the strong fuel gave a maximum stress of about 

40,000 psi in the impact shell, which was much less than the maximum stress 

of about 325,000 psi in the shell for the weak-fuel assumption. Since the 

attainable tensile strength of Si„N, can be as high as 100,000 psi, the shell 

with a strong bonded fuel could withstand a 100 ft/sec impact, provided that 

the local stresses at the impact point were suitably distributed to prevent 

local fracture at the impact point. The shell with the weak, unbonded fuel 

would certainly fracture if impacted at 100 ft/sec. Hoop-stress levels for 

the weak fuel case are shown in Figure 15. Near the impact point the hoop 

stresses are the same as the local stresses shown in Figure 14. At the 
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diameter (90 degrees from the impact point), the hoop stress has a magnitude 

of about 30,000 to 40,000 psi, and is much less than the maximum tensile 

stresses nearer the impact point. Thus, diametrical hoop stresses due to 

pressures imposed by the fuel on the Si„N, shell will not govern fracture 

for the shell thickndss considered. 

FABRICATION CONSIDERATIONS FOR CERAMIC IMPACT MEMBER 

In the fabrication of fueled modules that comprise a heat source 

and use a ceramic impact containment member, a number of severe problems 

would be encountered. The foremost among these is the problem of fuel 

strength. In order to achieve impact velocities of practical interest, the 

fuel must be mechanically bonded to the ceramic impact shell so that the 

assembly will respond in impact as a monolith. In this connection, the 

strength of the fuel and that of the bond must be comparable to those of 
238 

high strength ceramics. Present-day ceramic PuO„ fuels have been shown 

to have relatively low strengths, and enhancement of these strengths would 

probably require a rather extensive developmental effort. In particular, 
238 

the PuO_ feed material contains a variety of impurities in quantities 

that would make the achievement of good mechanical strengths difficult. 

The removal of the impurities through modification of the production process 
O O Q 

for the PuO„ raw material would be both a significant and a costly effort. 
238 

A second problem encountered with the PuO„ fuel is the release of helium 

gas from radioactive decay processes. This gas is evolved within the structure 

of the material, and must be released from the material without degrading its 

strength. The mechanisms by which the helium gas is stored within the material 

structure and eventually released are not well understood. It is known, 
O Q Q 

however, that at PuO„ densities in excess of 95 percent of theoretical, 

where maximum strength would be attained, the tight structure impedes helium 
238 

release. The degradation of mechanical properties of PuO with time (aging) 

is embryonic in technical understanding but is significant. 

A second strength-associated manufacturing problem is in the bonding 

of the fuel to a dissimilar ceramic sh^ll, the desirability of which has been 
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previously discussed. Bonds of this type have been achieved in the case 

of other ceramic systems. Considerable developmental effort can be expected 

before a set of process parameters for bonding can be specified, even with 
238 

assurance that PuO„ Is compatible for bonding purposes with any of the 

high strength ceramics of interest. 
238 

Possibly the greatest problem in bonding PuO„ with a high strength 

ceramic shell would be that of the thermal-expansion mismatch. In processing, 

during fabrication, and during subsequent operation of the heat source, thermal 

histories will be imposed. Unless the thermal-expansion coefficients of the 

fuel and ceramic Impact member are very closely matched, differential expan

sions of the dissimilar materials will result in severe thermal stresses and 

fracturing of one or the other of the materials. Precise thermal-expansion 
238 (6̂  

coefficient data for PuO„ typical of RTG usage are now available , and 

the expansion is high relative to the ceramics of interest to the impact 

application. 

The fabrication and production of shapes of interest to heat source 

applications also present problems. Uniaxial hot pressing of a ceramic Into 

a spherical shape with a uniform and homogeneous microstructure is not possible. 

One might first form hemispheres and then bond the hemispheres. This is not a 

simple operation, and bonding the fuel into the assembly would only further 

complicate the operation. 

A number of design problems will be encountered with a ceramic 

member, one of which will be the provision of a vent, if required, to allow 

the release of helium gas through the impact-containment member. The intro

duction of any penetration through the ceramic material will result in stress 

concentrations which will degrade the Impact performance of the ceramic 

member. It is, on the other hand, conceivable that the ceramic Impact structural 

member could be tailored in its porosity to permit helium release directly 

through the shell. However, this is not an attractive prospect due to the 

decrease in strength associated with porosity. Another unlikely possibility, 

which would be fortuitous, is that the selected ceramic might be naturally 

permeable to helium, even at high density. 

The design and assembly of heat sources are complicated by the 
238 

difficulties present in handling of the PuO- fuel. The fuel is both 
heat-emitting and radioactive and must be handled with great care for safety 
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reasons. Thus, many otherwise routine fabrication and assembly operations 

must be performed remotely and under conditions of isolation. Even after 

these operations, the final assembled item must be completely cleared of 

transferable surface radioactivity prior to incorporation into the RTG. 

STRUCTURAL DESIGNING WITH CERAMIC MATERIALS 

In the analyses in this report, the strength of each candidate 

ceramic was assumed to be a deterministic property of the material. Although 

this assumption is acceptable as a basis for comparing and screening the 

candidates for impact-member service, it oversimplifies the actual situation 

and should not be used without qualification in designing an actual ceramic 

impact member. In designing with ceramic materials, gross safety factors 

are often imposed to assure a low probability of failure under service stresses. 

In high-performance hardware such as heat sources, the weight penalties imposed 

by such a traditional design approach are prohibitive. This section of the 

report is intended to describe the variations and trends in strengths of 

ceramics that have been observed in well-controlled strength tests. The 

data and discussion provide insight into the strength levels which are 

appropriate for use in the design of a ceramic impact member for a heat 

source. 

According to present knowledge of brittle behavior, strength is 

controlled by crack genesis at the most-severe defect in a specimen or com

ponent under tension, and the severity and density of defects in the material 

are statistically distributed. Further, no mechanism operates in these 

materials to arrest the crack once it is initiated. Strength, therefore, is 

probabilistic in nature rather than deterministic, and one should, in a strict 

sense, define strength in terms of the probability of fracture at any stress. 

A ceramic's strength as usually reported is a 50 percent probability of failure. 

However, most structural designs, and certainly the design of an isotopic 

heat source impact member, require that stresses be maintained at levels to 

assure near-zero probability of failure. 
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The degree of concern about the probabilistic nature of strength 

of a ceramic material, of course, depends on the extent that its strength 

values are dispersed, and this is highly dependent on the specific material 

and on processing methods and controls used in producing the ceramic piece. 

Strength dispersions also are extremely difficult to define in a usable way 

for structural design purposes. As indicative of the latter problem, consider 

the probability of failure (P) versus stress (o) curves in Figure 16 for a 

relatively high strength, high quality ceramic which were generated in 

recent research at Battelle . Highly defined and controlled strength tests 

were conducted at room temperature on specimens of three sizes in two environ

ments ("wet", or immersed in water, and "dry", or in dry nitrogen gas) to 

obtain the six P-o curves shown. As can be seen, these curves reasonably 

define the stress for failure probabilities between 0.1 and 0.9, and show 

that the stress for any probability in this range depends on the ambient 

and on specimen size. More important, these two testing variables also 

affected the basic nature of the P-o relationship. Investigation into this 

latter finding showed that defects of different types were operative in the 

material, and the nature of the P-a relationship depended on which type(s) 

controlled fractures in that particular test. Unless the strength-controlling 

defects in all tests are from a single statistical population, one cannot apply 

statistical mathematics to the problem of seeking correlations between strength 

data from the different tests. 

Of possibly greater significance, P-o curves require extrapolation 

to obtain the stress for which the probability of failure is near zero, i.e., 

to obtain the stress value that is needed for structural designing of a heat 

source impact member. To provide a sound basis for such an extrapolation, 

one needs to know rather exactly the nature of the relationship in the region 

from 0.1 to zero probability. No practical means for obtaining this knowledge 

is at hand. An improved definition of the P-a relationship in the low-P 

region could be acquired, of course, simply by testing a greater number of 

specimens than the maximum of 25 used to obtain the curves in Figure 16, 

but this approach, even with tests of hundreds of specimens, fails to provide 

a fundamental basis for the empirical relationship, hence the needed assurance 

that the low-probability end of the curve is adequately defined. 



37 

200 

35 

Wet Dry 

A A 4 point large 
• D 4 point small 
• 0 3 point small 

Stress (cr ) , ksi 
40 45 50 55 

250 300 350 
Stress (0- ) , MNm'^ 

400 450 

FIGURE 16. FAILURE PROBABILITY CURVES FOR AN Al^O^ CERAMIC 



38 

Better approaches appear to be available for establishing a stress 

level that can be used in structural designing of ceramic components. How

ever, no approach has yet been the subject of sufficient research for proven 

utility through a reduction to practice. 

In one approach, the variability in strength is reduced to an 

insignificant level through a combination of material-development efforts, 

fractographic studies of strength-controlling defects in the material, 

extensive testing, and development of nondestructive-testing procedures for 

the material. Referring to Figure 16, for example, defects from the population 

which controlled strengths in the case of the curve represented by open 

triangles were much more severe (and more sparsely distributed) than those 

which controlled strengths of the other specimens. Processing refinements 

or other measures that could assure elimination of the open-triangle type 

of defects would go a long way toward removing the troublesome strength 

variability in this particular ceramic. 

The other approach is that of proof testing. The concept is simply 

to stress the specimens or components to a predetermined level and reject 

those that fail. If the remainder are subsequently tested to failure, the 

P-a curve which results is truncated, and the troublesome low-probability 

end of the curve is eliminated—the stress corresponding to zero probability 

being completely known. The selection of the proof-test level determines 

the maximum design stress (i.e., the strength), and it also determines the 

number of pieces that will be rejected. A report on the proof-testing concept 
(8) 

has recently been issued , and among other matters treated, it indicates 

that the nature of the applied loading in the proof test need not reproduce 

the operational stress distribution. Methods are available to permit the 

use of any convenient proof test regardless of stress distributions encountered 

in service. 

In summary, should SNS undertake the development of a ceramic impact 

member in the next few years, coincident with that development would be the 

need to extend the state of the art in structural designing with brittle 

materials. No established design technique is available at present to permit 

assigning levels of Impact loading that would reasonably assure freedom from 

failure. 
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CONCLUSIONS AND RECOMMENDATIONS 

The major conclusion of Battelle's study is that present-day 

structural ceramic materials have little potential for use as the impact 

member in isotopic heat source applications. Of the available high strength 

ceramics, silicon nitride offers the most promise followed by silicon carbide 

and aluminum oxide, and the extensive stress analyses reported here show 

severe limitations on allowable velocities for impact with granite following 

reentry for these ceramics. Impact velocities in the 100 to 200 fps regime 

can be achieved only by the addition of an additional layer to distribute 

the high contact stress. Besides Impact limitations, application of ceramic 

materials in heat sources would present problems both in terms of weight and 

fabrication. The required thickness of a ceramic impact member would be 

comparable to that for a carbon-carbon composite material. However, the 

least dense of the high strength ceramics are 2 to 3 times more dense than 

the carbon-carbon composites. Fabrication of a ceramic heat source would 

require a high strength bond between the fuel and the impact member if 

reasonable impact velocities are to be achieved. Formation of such a bond 

in ceramic materials is a difficult task under normal circumstances, and 

would be more difficult under the restrictions imposed on the processing 
238 

and handling of the PuO- fuel. 

It is recommended that ceramic materials be given low priority by 

SNS for future heat source applications. The low probability of successful 

application of any ceramic does not justify significant research efforts 

at this time. The techniques developed by Battelle do, however, provide a 

means to assess the potential of improved ceramics that may appear in the 

future. 
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