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A B S T R A C T 

Results of a continuing effort to investigate High Temperature 
Gas Reactor (HTGR) core support structure reliability are 
described. This study identifies graphite material and core 
support structure component physical, mechanical and strength 
properties required for the reliability analysis. Also described 
are experimental and associated analytical techniques for deter-
mining the required properties, a procedure for determining number 
of tests required, properties that might be monitored by special 
surveillance of the core support structure to imprc/o reliability 
predictions, and recommendations for further studies. Enphasis 
in the study is directed towards developing a basic understand-
ing of graphite failure and strength degradation mechanisms; 
and validating analytical methods for predicting strength and 
strength degradation from basic material properties. 
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1 . 0 I N T R O D U C T I O N 

A previous HTGR core support structure reliability study 
(Reference l) developed analytical methods for determining the core 
support reliability and applied the methods using a simplified model, 
including the generation of sample numerical results using "best 
estimate" input data. This study showed that additional analyses and 
tests are required in order to obtain realistic reliability estimates 
for the core support structure. In particular, the study showed that 
(l) adequate graphite material strength data was lacking; and (2) some 
of the data on strength degradation due to oxidation, a major source 
of degradation, was not directly applicable to the core support struc-
ture and was possibly being misinterpreted (see Reference 1 Appendix). 

The objectives of this present brief (three man-weeks) study 
were: 

o Identify graphite material and core support structure 
component and oub-assembly physical, mechanical and 
strength-degradation properties that are needed for the 
core support structure reliability analysis. For this 
purpose, attention was directed primarily toward the 
post-seat failure mode considered in the original analysis, 
although other failure modes were considered as well. 

e Identify the relative importance of each property in 
the core support structure reliability analysis. 

• Identify experimental techniques and associated analytical 
methods for determining the properties identified in the 
above tasks. 

• Identify the number of tests of each item to adequately 
establish the needed confidence in the strength probability 
distributions. 
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0 Identify techniques for special surveillance of the core 
support structure that could improve reliability predic-
tions, including properties that should be monitored and 
their order of importance. 

9 Where information is lacking in responding completely to 
the above tasks, make recommendations on further study 
tasks to gain the required information necessary to 
complete a Safety Test Planning Guide for the core support 
structure« 

In performing this study, emphasis was directed towards an 
approach that would yield a basic understanding of the failure mechanisms. 
It was felt that this approach would lead to a valid analytical model 
which, with the appropriate physical, mechanical and strength properties 
data, would provide the most practical means for piedicting component 
and/or sub-assembly failure needed for the reliability analysis. Conversely, 
it was also felt.that an approach oriented toward "all up" component and 
sub-assembly testing under conditions, simulating all cf the important factors 
influencing strength, would not be a practical means of achieving the 
desired end results. 

In Section 2.0 the post-seat failure mode is discussed and 
graphite properties and other factors affecting graphite material and 
component and sub-assembly strength are identified in general terms. 
The relative importance of the properties identified is also addressed. 
Section 3*0 discusses several promising analytical models for predicting 
failure, and the particular graphite properties required. Section ^.0 
discusses experimental techniques and associated analytical methods for 
determining the properties identified in Section 3.0. Section 5.0 
discusses the number of tests required to adequately establish the needed 
confidence in the strength probability distributions. Section 6.0 dis-
cusses techniques for special surveillance of the core support structure, 
Section 7-0 summarizes conclusions, and Section 8.0 presents recommenda-
tions for further study. 
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8.0 GRAPHITE PROPERTIES AND FACTORS AFFECTING GRAPHITE MATERIAL 
AND CONPONQTT AND SUB-ASSEMBLY STRENGTH IN THE POST-SEAT 
FAILURE MODE 

The core support structure post-seat failure mode is discussed 
in Reference 1, Sections 4.2 and 5.1. Briefly, failure is assumed to occur 
when loads applied to the post-seat assembly exceed the assembly strength. 
Id the analysis of Reference 1, numerical estimates of the post-seat 
assembly- strength were based on mechanical tests to failure of a post-seat 
assembly with an offset to simulate lateral displacement due to thermal 
expansion and/or seismic effects. This strength data is reported in 
Reference 2, page 4.2-76, As will be discussed below, important factors 
influencing post-seat assembly strength were not reflected in the tests. 

Based on the results reported in Reference 2, the post-seat 
failed due to local hoop tension in the seat. These tension stresses 
result as part of the complex stress distribution produced by contact 
forces between the post and seat — the classical "contact" or Hertzian 
stress problem. Prediction of failure using basic graphite physical and 
mechanical properties requires: (l) an appropriate stress model to describe 
the stress distribution; (2) an appropriate failure criterion or strength 
model; and (3) the graphite physical mechanical, and strength properties 
required by the stress model and the strength model. 

It is important to recognize that the physical and mechanical 
properties that influence the stress distributions and the strength proper-
ties that influence failure will change with time due to various degrada-
tion mechanisms. It will be necessary to relate these changes in properties 
to suitable degradation parameters such as extent of oxidation (e.g., burn 
off) and fatigue damage parameter? (e.g., stress range and number of cycles). 
The particular physical, mechanical and strength properties required will 
depend on the particular stress and strength models used. Several promising 
models will be discussed in Section 3,0. 
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2.1 MajJor Factors Influencing Graphite Physical, Mechanical and 
Strength Properties 

A discussion of major factors or variables influencing the 
graphite physical, mechanical and strength properties is given Reference 
Section '+.3J and summarized in Figure 1 and below. 

Factors Affecting Initial Physical, Mechanical and Strength 
Properties 

e Material Variation 

Variations will exist in all of the graphite properties 
due to variations in grain characteristics, variations 
in the size and orientation of voids or pores, and the 
presence of small cracks of various sizes and orientations. 
A discussion of numbers of tests required to adequately 
establish the needed confidence in the strength probability 
distributions is given in Section ^.0. 

© Proof Testing 

Proof testing will influence the probability distributions 
of initial strength as discussed in Reference 1, page 39. 

«• Temperature 

Initial properties are, of course, required at the tempera-
tures of .interest. 

© Other Factors 

Surface cracks or other imperfections in core support members 
may result from handling, machining and installation itself. 
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Factors Affecting Degradation or Other Changes in Physical, 
Mechanical and Strength Properties 

• Oxidation 

A significant degradation in physical, mechanical and 
strength properties will result from oxidation. As shown 
in the Appendix to Reference 1, the oxidation damage will 
vary signficantly with distance from the surface of the 
member, based on analyses of the density profiles in 
oxidized test specimens. Thus, it can be expected that, 
along with these density variations, other physical, 
mechanical and strength properties will also vary signif-
icantly with distance from the surface. The variations 
in these properties will complicate the already complex 
post-seat contact stress problem. In order to predict 
failure it will be necessary to determine the corrosion 
(special) distributions in the posts and seats and the 
corresponding distributions in physical, mechanical and 
strength properties. 

Several "secondary" variables affect oxidation rate: 
• Post-seat tensile stresses. 
• Core irradiation affecting the oxidation rate in the 

core and, hence, the oxidant concentration in the core 
support structure. 

• Temperature variations in the post-seat assemblies due 
hot-streaking. 

• Fatigue 

Cyclic thermal and mechanical stresses will result, in 
degradation and/or variations in physical, mechanical and 
strength properties. These cyclic stresses result from 
« Start up and shut down cycles 
• Helium flow variations and flow induced vibrations 
o Thermal stress variations due to hot-streaking 
e Seismic loading. 
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• Creep 

Cyclic and static stresses will be produced by rocking of 
the posts on their seats. The loading could be aggravated 
by creep distortion of the posts and/or seats which could 
increase the local curvatures of these members. 

e Irradiation 

The indirect effect of core irradiation on oxidation rates 
in the core support structure was discussed above. Direct 
irradiation-induced damage and/or property variations in 
the core support structure will also result, but these 
effects should be small, as discussed in Reference 1, page b2. 

9 Surface Wear Damage 

Wear and damage of the posts and seats in the contact 
regions could result from relative motions coupled with 
high contact pressures. 

Instantaneous Factors Affecting Physical, Mechanical and Strength 
Properties 

9 Temperature 

Most properties will be affected to some degree by tempera-
ture variations. 

o Loading Rate 

Strength will generally increase with increase in loading 
rate. 

Synergistic Effects 

Consideration should be given to possible synergistic effects 
when two or more mechanisms vary or degrade•the physical, mechanical or 
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strength properties. Thus, the fatigue damage or. surface damage from wear 
may be greater in oxidized graphite compared with the as-manufactured 
material. For example, the total fatigue damage in oxidized material may 
be greater than the damage due to oxidation alone plus the damage due to 
fatigue alone, 

2.2 Relative Importance of Factors Influencing Graphite Physical, 
Mechanical and Strength Properties 

Although particular graphite properties are identified in 
Section 3.0 in conjunction with particular analytical models, the relative 
importance of the major factors or variables affecting these properties 
in the core support structure reliability analysis is addressed in this 
section. 

It is difficult to identify the relative importance of more 
than a few of the major factors or variables in the reliability analysis 
due to the limited information available in the previous (Reference 1) and 
present studies, and the limited scope of these studies. However^ some 
pertinent observations can be made. 

Based on the results of Reference 1 it appears that the effects 
of oxidation will be most important. It was shown in Reference 1 that: (l) 
the reduction in strength from oxidation, based on limited tensile test data, 
has a significant effect on reliability; (2) a large uncertainty exists in 
the predicted levels of oxidation or burnoffs in the core support structure; 
and (3) a large uncertainty exists in the reduction in post-seat assembly 
strength for a given burnoff since the tensile data is not directly applicable 
to the post-seat failure mode. Thus, determination of oxidation levels or 
burnoffs, and the resulting mechanical and strength properties with suitable 
analytical models for predicting post-seat failure, would appear to take 
highest priority. 
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Similarly, the effects of other variables that influence 
oxidation rates should also be rated high in relative order of importance. 
These Include temperature, tensile stresses, oxidant concentrations, and 
helium flow characteristics affected by the post-seat geometries. The 
relative order of importance of these variables cannot be determined on 
the basis of this study. 

Next in order of importance might be those variables affecting 
degradation where the graphite is also degraded by the oxidation. This 
includes surface wear and fatigue. 

The importance of loading rate and creep on post-beat assembly 
strength cannot be established on the basis of the present study. Irradia-
tion effects appear to be low in order of importance, as discussed in 
Reference 1, except possibly the indirect effect of core irradation 
increasing the oxidant concentration at the core support structure. 
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J5.Q ANALYTICAL MODELS FOR PREDICTING FAILURE AND PARTICULAR 
PROPERTIES REQUIRED 

The particular graphite material and core support structure 
component and sub-assembly physical, mechanical and strength degradation 
properties needed for the core support structure reliability analysis 
depend on the particular analytical model used to relate the loads to 
component, sub-assembly or material strength. With the current study 
philosophy oriented toward understanding fundamental failure mechanisms 
and utilizing basic graphite material properties, the analytical model 
should relate the loads to appropriate material strength parameters. 
Also, it is Important that changes in the material physical, mechanical 
and strength parameters used in the analysis be related to appropriate 
degradation parameters, e.g., reduction in graphite density due to 
oxidation. 

The form of the analytical model and hence, the particular 
graphite properties required will depend on the material failure criterion 
selected for describing failure. Two sets of graphite properties will 
be required: (l) properties used in relating the applied loads to the 
resulting stress states or equivalent other parameters in the- failure 
criterion, such as strain energy or stress intensity; (2) properties 
describing material strength. 

Various material failure criteria were discussed briefly in 
Reference 1, Section b.2.2, and it was indicated that several of the 
failure criteria appeared to sufficiently accurate for use in the 
reliability model. Further investigation, however, reveals that although 
some of these failure criteria may be suitable, their validity in properly 
accounting for all of the strength and strength degradation factors in 
the post-seat failure mode, remains to be demonstrated. Thus, a development 
program leading to some advance in the current state of art now appears 
to be necessary. This is particularly true in the case of degradation 
in material strength and variation in mechanical behavior produced by 
oxidation. 
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A "brief summary of the state-of-art in predicting graphite 
failure, based on a brief review of some pertinent literature, is 
given in this section. Three promising approaches are discussed: (1) 
a linear fracture mechanics approach; (2) a combined stress model using 
deformation theory of plasticity; (3) and an approach relating bulk 
graphite properties to micro-structural parameters, using linear 
fracture mechanics. 

3.1 Linear Fracture Mechanics Approach 

A linear fracture mechanics approach, sufficiently general 
for the post-seat contact problem, has been applied to ATJ graphite under 
hiaxial and more complex multiaxial stress states (References 3 and 4). 
The application of Reference 3 involves "splitting tensile specimens," 
i.e., circular and elliptical disks with and without through-thickness 
slits in the central portions, and compressed along a diameter in the 
direction of the slit. Good agreement between predicted and measured 
loads "was obtained when the specimens failed in the expected manner, that 
is, by splitting along the loaded axis. However, the agreement was poor 
when the specimens did not fail in the expected manner but were observed 
to crush at the loading points prior to fractra-?. All of the solid 
specimens showed evidence of premature fracture at the loading points, 
and each of the specimens broke into a number of pieces. Considerable 
evidence of crushing at the loading points was observed. According to 
the authors of Reference 3, other investigators who have conducted 
diametral compression tests on solid graphite cylinders were also unable 
to achieve clean tensile fractures along the loaded diameters. This 
behavior has consistently resulted in poor agreement between tensile 
strength values obtained from diametral compression tests and those 
from uniaxial tensile tests (References 5 and 6). 
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Considering the similarity between the splitting tensile 
tests and the post-seat contact problem, similar poor agreement between 
predicted and actual failure may result if local crushing occurs in the 
post-seat failures, unless some improvements can be made in the analysis. 
As pointed out in Reference 3 it is important to use the correct failure 
mode in the failure predictions. Better agreement was obtained with more 
linear AXM graphite, even where local crushing occurred. This implies 
that the linear approximation to the stress-strain curve used in the 
case of ATJ may also have contributed significantly to the error. 

In Reference 4 it is shown that this same approach can be 
applied successfully to ;even more complex multiaxial stress states. 
However, better agreement was obtained in specimens with machined 
notches than in unnotched specimens, for -which the size of naturally 
occurring flows had to be estimated. 

With the further complications introduced by oxidation of the 
contact surfaces in the post-seat problem, it appears that a significant 
advance in the state-of-art will be necessary before the before the post-
seat failure can be accurately predicted. Nevertheless, this approach 
appears to be promising and it is recommended by this author that it be 
investigated further for application to the core support structure 
reliability analysis. Because of the general nature of the method, it 
is suitable for complex geometries and loading conditions, and therefore 
should be applicable to other core support components and failure modes. 

The linear facture mechanics procedure used in References 3 
and 4 was developed by Watwood (Reference 7) and Mowbray (Reference 8) and 
determines the relationship between strain-energy release rate, G, crack 
length, a, and applied load, P. The strain energy release rate is given by 
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where U is the strain energy and a is the crack size at which rapid 
propagation occurs, thus constituting failure. The strain energy 
release rate is determined from Equation (3.1) using finite element 
analysis "by computing U for the applied load P and different crack sizes 
a, and numerically differentiating the results. G is also related to 
stress intensity factor, K, by 

2 
G = ̂ r (1 - v2) (plane strain) (3.2) 

where E is Young's modulus and v = Poisson's ratio. The critical value 
G^c is determined fromEquation (3.2) by substituting for K the fracture 
toughness, K ^ . K ^ is a basic material property. Failure occurs for 
the combination of load and crack size that gives 

* u Ac 2 , s 

Thus, for a known crack size a, the load to cause failure is that which 
produces the strain energy release rate given by Equation (3.3)• 

Since graphite is nonlinear, E and v are approximated by a 
secant modulus and a strain ratio* at an appropriate stress level. Also, 
since ATJ graphite is transversely isotropic, a set of elastic constants 
muat be determined for the with-grain direction and for the across-grain 
direction. Similarly, K ^ must be determined for combinations of loading 
and crack propagation in the with-grain and across-grain directions, 
depending on the failure mode. Moreover,-the analysis of Reference h 
indicated a need for additional basic data, that is, fracture toughness 
values for cracks that are not aligned with the principal axes of the 
material. 

•Negative of the ratio of strain normal to the direction of loading to the 
strain in the loading direction. 
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In summary, the basic graphite mechanical and strength properties 
required for this linear fracture mechanics approach are as follows. 

Mechanical Properties 

» Stress-strain curves and strain ratios for with-grain 
and across-grain directions (transversely isotropic 
material). 

0 Secant moduli and strain ratios based on the stress-
strain curves above. 

Strength Properties 

a Fracture toughness for combinations of loading and 
crack propagation in the with-grain and across-grain 
directions, and for cracks that are not aligned with 
the principal axes of the material. 

o Crack geometries, siz'es and orientations. 

These properties must be determined as a, function of the 
environmental and strength degradation variables discussed in Section 2.0. 
Of particular interest is oxidation. Two possible parameters or sets of 
parameters describing the oxidation distribution are (1) reduction in 
density and (2) crack geometry, orientation and size. For the linear 
fracture mechanics approach the crack parameters enter directly into the 
analysis, so these should be determined as a function of the burn offs 
along with their spacial distributions (i.e., crack geometry, orientation, 
and size as a function of the distance from the surface). It may be use-
ful to correlate the crack parameters with reduction in density, a single 
parameter for describing the oxidation damage. However, there may be 
preferred orientations and size distributions near the surface due to 
the nature of the oxidation. These properties may not be revealed by 
density reduction alone. 

MECHANICS RESEARCH INC. 153 



The mechanical properties required for the finite element 
analysis and the fracture toughness should also be determined as a function 
of the appropriate oxidation parameter(s), i.e., reduction in density or 
the crack parameters. 

3.2 Combined Stress Model Using Deformation Theory of Elasticity 

Another promising approach is described in Reference 9 which 
uses a generalized stress-strain relation for a transversely isotropic 
material with deformation theory of plasticity. Biaxial stress tests 
were conducted on Grade ATJ praphite cylindrical specimens by subjecting 
them to combinations of internal, external, and axial pressures. Agree-
ment between the measured biaxial stress-strain relations and those 
predicted from uniaxial properties, based on effective stress and effec-
tive strain correlations, was found to be satisfactory. 

Also, the fracture strength of ATJ graphite under biaxial 
stresses was compared with various theories of fracture. Fairly good 
results were obtained for biaxial-tensile and tensile-compressive stress 
states, although the agreement for compressive-compressive stress states 
was rather poor. 

Application of this approach to the post-seat contact problem 
might result in improved stress predictions compared to the linear elastic 
model used in the previously described fracture mechanics approach. How-
ever, some simplifications used in Reference 9 nay not be valid for the 
contact problem. Also, prediction of post-seat failure by this method 
does not appear to be as promising as the fracture mechanics approach, 
considering the results of Reference 9 and possible problems of correlating 
stress-strain and fracture properties with initial craek properties and 
variations in these crack properties with oxidation. Nevertheless, it 
may be desirable to investigate applicability of this approach to the post-
seat problem, along with the fracture mechanics approach, considering the 
current state-of-art. Perhaps an improved approach based on both models 
could be developed. 
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J.J Model Relating Bulk Properties to Microstructural Parameters 

Au interesting and promising approach for relating graphite 
"bulk mechanical and fracture properties to.microstructural and micro-
mechanical parameters is described in References 10 and 11. Although 
it has not been applied to predictions of mechanical and strength degrada-
tions due to corrosion, it appears that the model could be expanded for 
this purpose. 

The model predicts bulk stress-strain and failure behavior 
using a statistical theory of fracture for polycrystalline graphites. 
Under suitable conditions of stress and orientation, grains having an 
inherent direction of weakness are assumed to act as microcracks. The 
probability of a coincidence alignment of these microcracks is developed. 
As stress increases more grains cleave and, with pores inherently present, 
from a contiguous array of cracked grains and pores. These arrays eventually 
reach a critical size, as prescribed by fracture mechanics theory, and 
cause failure. The model uses micro structural parameters of grain orienta-
tion distributions, porosity, and grain sizes and proportions, and micro-
mechanical parameters of grain cleavage strength, zero-porosity elastic 
modulus and fracture toughness. It is suitable for evaluating the statis-
tics of failure by introducing dispersions into the microproperties. 

Theoretical predictions of stress-strain behavior and failure 
point for several graphite show excellent agreement with experimental data. 

Although References 10 and 11 treat only tensile behavior, if 
might be possible to extend the model to combined stress states. By 
incorporating changes in microstructural, and perhaps micromechanical 
properties, caused by corrosion, it might be possible to predict the bulk 
property changes due to corrosion. These results might then be applied 
to a finite-element combined stress model of the post-seat problem, similar 
to that described in Section 3.2. These suggested extensions in the model 
clearly represent a significant advance in the state-of-the-art. 
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4 . 0 EXPERIMENTAL TECHNIQUES AND ASSOCIATED ANALYTICAL PROCEDURES 
FOR DETERMINING REQUIRED GRAPHITE PROPERTIES 

Experimental techniques and associated analytical procedures 
for determining the required properties are suggested in this section, 
based on the linear fracture mechanics model. It is important to recognize 
that development of a valid analytical model for predicting failure 
represents a significant advance in the state-of-the-art. Consequently, 
the tests and analyses are also suggested as a means for validating the 
model as well as for determining the required properties. Also, it might 
he desirable to investigate other models along with the fracture mechanics 
model, considering the state-of-art. 

4 . 1 Initial Properties 

The required initial graphite mechanical properties (stress-
strain curves and strain ratios) for use in the finite element part of 
the fracture mechanics analysis can be determined by conventional means 
and need not be addressed here. 

Reference 12 describes experimental techniques for measuring 
fracture toughness in graphite using notched and unnotched beams, and 
discusses the effects of various geometric parameters such as notch shape 
and beam size. These techniques can be used for determining initial 
fracture toughness values. The use of unnotched beam strengths and the 
fracture toughness values measured with the notched beams gave naturally 
occurring (critical) crack sizes that agreed favorably with photomicrographs. 
This supports an approach for evaluating the degradation due to oxidation, 
based on measured crack parameters in oxidized material. This is discussed 
further in Section 4.3. 

MECHANICS RESEARCH INC. 17 



k.2 Validation of Initi&l Strength Model 

The fracture mechanics approach discussed in Section 3.0 should 
be applied to the post-seat contact problem using initial properties deter-
mined as described in Section 4.1. Tests on post and seat specimens should 
be used to validate the model. Some data is already available as described 
in Reference 13. This data may be helpful in identifying the failure modes 
(location and direction of crack propagation at the onset of failure). 
Initial crack sizes and orientations should be determined from photomicro-
graphs of samples from post and seat specimens. Locations and orientations 
of the samples should be dictated by the analytical and experimental 
indications of failure modes. 

Validation of this analytical approach for predicting initial 
post-seat assembly strength is key to subsequent failure predictions with 
degradation from oxidation and other mechanisms. Refinements in the 
analytical method may be required, based on results for the two applica-
tions described in References 3 and 4. One refinement mentioned earlier 
is the use of fracture toughness values for cracks that are not aligned 
with the principal axes of the material. It should be possible to obtain 
thiB data using the procedures described in Reference 12. Another refine-
ment in the method might in some way account more properly for the nonlinear 
stress-strain behavior of the graphite in the finite-element determination 
of strain-energy release rate, particularly where local crushing occurs at 
the contact points. 

4.3 Oxidation Degradation Properties 

Development of a valid analytical model for predicting degrada-
tion in material and component strength from oxidation represents a 
substantial advance in the state-of-the-art, particularly in the case of 
the complex post-seat contact problem. For this reason, it would be 
desirable to approach the problem in steps, using simpler test configurations 

MECHANICS RESEARCH INC. 18 



and analyses for initial investigations. Simple tensile specimens as well 
as the notched and unnotched beam specimens described in Reference 12 may 
be useful for these initial investigations. 

With the linear fracture mechanics approach discussed in 
Section 3.0, three sets of properties are required, each of which should 
reflect degradation and/or variation due to oxidation: 

e Mechanical or stress-strain properties 

© Fracture toughness properties 

o Crack properties (geometries, sizes and distributions). 

The use of uniformly oxidized tensile or beam specimens should 
be explored for the initial investigations. Apparently, it is possible to 
produce uniform oxidation by lowering the temperatures and increasing the 
exposure times (Reference 1*0 • These uniformly oxidized tensile and beam 
specimens could be tested using conventional methods for the mechanical 
properties and notched beam specimens'for the fracture toughness properties 
(Referenced). Crack properties could be determined from photomicrographs. 

The fracture mechanics model could be tested initially by 
applying it to unnotched beam specimens and comparing predicted crack sizes 
and orientations with those from the photomicrographs, as described in 
Reference 12 for the unoxidized specimens. This approach in conjunction 
with the notched beam tests can also be used to investigate the importance 
of fracture toughness properties for cracks that are not aligned with the 
principal axes of the material. 

A next step in the investigations would be to study nonuniformly 
oxidized unnotched tensile and beam specimens. The objective would be to 
predict their strengths using the mechanical and fracture toughness properties 
from the uniformly oxidized specimen tests described above, and the non-
uniform crack properties determined from photomicrographic analyses. 
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Assuming success with the simple test specimen configurations, 
the procedure could then he applied to oxidized post-seat specimens. The 
approach would be the same, i.e., fracture mechanics analysis using 
mechanical and fracture toughness properties from the uniformly corroded 
tensile and beam specimen tests, and crack properties from photomicro-
graphic analyses of oxidized post and seat specimens. Strength tests on 
oxidized post-seat assemblies would, of course, "be required to help direct 
and validate the analyses. In addition to providing strength data, these 
assembly tests would indicate the failure modes associated with oxidized 
assemblies. 

The foregoing discussion assumes that the necessary information 
and techniques are available for simulating the post and seat oxidation 
that will occur in operation. However, as discussed in Reference 1, 
considerable uncertainty exists as to oxidation levels and "burn offs as a 
function of time. The spacial distributions over the post and seat 
surfaces and within the graphite material are also uncertain. These 
oxidation levels and distributions will be affected by several variables 
such as temperature, helium flow characteristics (e.g., shielding of the 
contact surfaces due to geometric configuration), oxidant concentrations 
(which may be significantly influenced by irradiation levels in the core), 
and tensile stresses. Considerable analysis and testing is required to 
determine the analytical models and associated graphite and component 
physical properties for satisfactory prediction of the oxidation character-
istics. Limited time and resources under the present study prevents treat-
ment of this subject in any detail. However, two factors are of particular 
interest relative to the strength model and will be discussed briefly: (1) 
the effect of temperature and oxidation rate on the spacial distribution 
of the oxidation damage within the material; and (2) the influence of 
tensile stresses on oxidation rate. 
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As indicated earlier, lowering the temperature tends to 
produce more uniform oxidation through the specimen, but it also decreases 
the oxidation rate. Conversely, increasing the temperature and oxidation 
rate produces a more severe gradient in the damage distribution with con-
centration of the damage near the surface. These distributions are important 
because they can have a significant effect on the failure mode. Considering 
the 40-year design life of the reactor, accelerated oxidation tests will be 
required to produce representative oxidation levels. It may be possible to 
accomplish this accelerated testing and maintain the proper oxidation distri-
butions by increasing the oxidant concentrations. A test program and 
associated analysis is suggested for this purpose, using simple tensile and 
beam specimens as discussed earlier. The specimens could be oxidized using 
different combinations of temperature, oxidant concentration, and time in 
an attempt to produce apparently equivalent oxidation damage distributions. 
The oxidation damage distributions could be evaluated by photomicrographic 
examination of crack and void properties and perhaps also by density profile 
determinations using the technique described in Reference 4 (accurate 
weight measurements after removal of successive layers of material). The 
mechanical and strength properties could then be evaluated and compared 
using the technique described earlier. 

As indicated in the appendix of Reference 1, there is evidence 
that oxidation rates of graphite are increased by the presence of steady 
tensile stresses. Limited data is available on graphites similar to those 
being considered for the core support structure, but it is for higher 
temperatures (References 15)• Tests of the type described in Reference 15 
should be used to evaluate the effect of stress on oxidation rate for the 
graphites and temperatures of interest. If significant, these data should 
then be used with an analysis to predict the changes in oxidation levels 
and distributions anticipated for the loaded posts and seats during the 
reactor lifetime. Accelerated post-seat assembly oxidation tests under 
load should be used to verify the snalysis. 
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4 A Other Degradation Properties 

Other degradation variables discussed in Section 2.0 include 
fatigue, creep, irradiation, and surface wear. Limited time and resources 
permit only a brief consideration of these variables and required properties. 

Fatigue caused by cyclic mechanical and thermal loading will 
degrade the post-seat assembly strength by causing crack growth. The 
linear fracture mechanics approach suggested for predicting strength can 
also be used to estimate fatigue crack growth, and the associated reduction 
in strength due to this crack growth. The crack growth equation has the 
form 

where a is crack size, N is number of cycles, is the change in stress 
intensity per cycle, and c and n are material constants. These properties 
could be determined from notched and unnotched beam tests as described 
earlier. Predictions of crack growth for a specified cyclic loading history 
would require analyses of the type described in Section 3.1 to determine 
£K„ Equation (4.1) could then be integrated to determine the crack growth 
history. With crack size as a function of time the fracture mechanics 
model could then be used to predict post-seat strength for other steady 
or quasi-steady loading conditions. 

i 

It should be possible to determine graphite creep properties 
from conventional creep tests for anisotropic materials. These properties 
could be used with a finite element analysis to predict deformation of the 
contact surfaces. These results could then be used with the fracture 
mechanics analysis to determine the effect of rocking of the posts on the 
seats, and the corresponding reduction in assembly strength. However, as 
noted earlier, this latter analysis is quite complex and may require some 
improvements in the analytical method for successful strength predictions. 
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Direct irradiation effects in the core support region should "be 
small, based on the study of Reference 1. The effects due to core irradia-
tion on oxidant concentration at the core support structure only indirectly 
affect the post-seat assembly strength. Procedures for determining the 
influence of core irradiation on oxidation and resulting oxidant concentra-
tion at the core support structure have not been addressed in this study. 

Simulated thermal cycling tests of a full-scale core support 
block and post assembly are described in Reference 13, Part IV. The purpose 
of these tests was to determine the wear characteristics due to post-seat 
relative motions simulating operating conditions. Although the results 
showed only minor wear, no significant changes in dimensions, and no cracks 
or chips developed, the tests were accelerated in time and apparently did 
not account for oxidation effects. Similar tests should be run using 
oxidized surfaces to determine possible synergistic effects. 
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5 . 0 NUMBER OF TESTS REQUIRED FOR PROBABILITY DISTRIBUTIONS 

The actual number of tests required for each property cannot be 
specified at this time. However, a procedure for determining the number of 
tests required as a function of the uncertainty and the confidence level in 
the calculated reliability can be determined, provided normal or Gaussian 
distributions are assumed for the material and component properties. 

A sensitivity analysis is required, using the reliability model, 
to relate uncertainty in the calculated reliability to uncertainties in the 
sample mean and variance for each of the properties. For Gaussian distribu-
tions it is necessary to determine the uncertainties in only the mean and 
the variance. Sensitivity analyses for some of the model parameters were 
described in Reference 1. Uncertainties in the mean and variance for a 
particular property can be determined as a function of the number of tests 
and the confidence level, as described below. 

For an independent Gaussian random variable, the relationship 
between the sample and true variance, number of tests and confidence level 
is given by* 

i2 X2 

Prob I Sg > x
r
n ' ^ \ > a (5.1) 

2 
where S = Sample variance 

2 a K True variance A 
N B Number of tests 

n = N - 1 

X n. a = Chi-square distribution with n degrees-of-freedom 

a = Confidence level parameter. 

*See, for example, Reference 16, 
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Similarly, the relationship between sample and true mean value, 
number of tests and confidence level is given by 

f St -i 

X > + nx)J « a (5.2) 

where X = Sample mean value 

= True mean value 

•t „ s Student t distribution with n degrees-of-freedom. nja 

Mote that with Equations (5.1) and (5*2) and results of the 
reliability sensitivity analysis a judgement must be made concerning the 
uncertainties and associated confidence levels desired in the reliability 
predictions. Since many variables or material parameters are involved there 
are many possible combinations of uncertainties and confidence levels in 
the variables that will produce the same reliability result. The number 
of tests selected for a particular material or component property will 
probably depend on other considerations, as well, such as costs and 
complexity of measuring the property. 

It should be noted also that uncertainty in the calculated 
reliability will result from uncertainties in the analytical models. The 
number of tests and resulting uncertainties in material and component 
properties should therefore be reasonably consistent with the analytical 
models. 
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6.0 TECHNIQUES FOB SPECIAL SURVEILLANCE OF THE CORE SUPPORT STRUCTURE 

Since core support structure reliability is strongly influenced 
by degradation of the support structure material and components, any surveil-
lance during operation that would provide information on the state of this 
degradation would, of course, improve reliability predictions. The most 
important degradation mechanism identified in this study and that of 
Reference 1 is oxidation. Thus, it would appear most important to monitor 
oxidation degradation. 

Perhaps the most direct technique for monitoring oxidation 
degradation and other degradations as well would be to use "dummy" support 
structure assemblies that could be removed periodically for inspection and/ 
or testing. The loading might be produced by jacks or auxiliary members 
not critical to the core support function so that periodic removal would 
not affect the core support function. It may be difficult to achieve this 
and simultaneously provide a good simulation of all pertinent loadings, 
environmental conditions and other mechanisms affecting degradation (i.e., 
hot-streaking). Another difficulty is that of nondestructive testing or 
inspection so that the assemblies could be reinserted so as to experience 
the same cumulative damage as the actual core support assemblies. Non-
destructive testing or inspection may not adequately reveal the true damage. 
A possible approach would be to proof test to some "safe" load not likely 
to cause failure or damage, based on predicted support structure performance. 
This would indicate a lower bound on strength, similar to truncating the 
lower end of a strength probability distribution, and thereby indicate a 
lower bound on structural reliability. Another possible approach would be 
to periodically test a number of simulated post-seat assemblies to destruc-
tion. The assemblies might be smaller than the actual post-seat assemblies. 
An adequate number of assemblies would have to be tested at each time in 
order to provide estimates of the mean strength with a degree of confidence 
necessary to be useful. 
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A less direct approach would be to monitor the loading and 
environmental parameters affecting the coru support structure strength, 
and use analytical models to predict strength degradation and failure 
probabilities. The major parameters that should be monitored, if possible, 
are 

0 Oxidant concentrations 

• Contaminant concentrations influencing oxidation 

• Helium and structural component temperatures 

• Mechanical loads (weight, pressure, seismic) 

• Component displacements and dimensional changes. 

There is insufficient information available to estimate the order of 
importance of these parameters. Also, it is beyond the scope of this 
study to determine the feasibility of monitoring these parameters or 
the instrumentation that might be used for these purposes. 

It does not appear that this approach would provide the same 
improvements in reliability predictions as a direct approach that would 
measure actual degraded strength properties of the structural components. 
Monitoring of the loading and environmental parameters would improve the 
purely analytical approach by eliminating the uncertainties involved in 
predicting these parameters. However, these predictions represent only 
one part of the reliability analysis. Uncertainties involved in predicting 
strength degradation and failure probabilities from the loading and 
environmental parameters would still exist. Uncertainties would also 
exist in accounting for all of the pertinent parameters and in the measure-
ments of the selected parameters. An approach that monitored post loads 
would, however, improve reliability by making it possible to detect a post 
failure. 
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Since both mean values and dispersions enter into the reliability 
predictions, it is important to recognize that in either monitoring approach 
sufficient measurements would have to be taken to estimate these statistical 
properties. Otherwise, these statistics would have to be predicted analyt-
ically, on the basis of existing strength data, with their associated 
uncertainties remaining in the reliability predictions. 
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7.0 CONCLUSIONS 

• A significant advance in the state-of-art is required before 
post-seat contact failure can be successfully predicted for 
design or reliability analyses, using basic graphite material 
properties and accounting for pertinent strength and property 
degradation mechanisms. 

• Oxidation appears to be * ae most important mechanism that 
will cause strength degradation and/or other changes in the 
graphite properties. Other degradation mechanisms such as 
fatigue and surface wear damage are expected to be operative, 
but further information is required to determine their 
relative importance. 

• A linear fracture mechanics approach, which has been success-
fully applied to graphite by ORNL personnel, appears to be 
the most promising approach for predicting core support 
structure failure. The graphite properties required for • 
this analysis have been identified, including the effects 
of oxidation. 

• A combined analytical and experimental program for validating 
the1 fracture mechanics model and acquiring the necessary 
graphite property data has been briefly described, including 
degradation effects due to oxidation. 

• A procedure has been described for determining the number of 
tests required for establishing needed statistical data on 
the graphite properties. The procedure assumes Gaussian 
distributions and relates number of tests to uncertainty 
and confidence level in the sample variance and mean. 

• Improvement in core support structure reliability predictions 
should be possible by monitoring certain variables which affect 
graphite strength and other properties, notably oxidation. 
Major variables that should be monitored have been identified. 
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8.0 RECOMMENDATIONS FOR FURTHER STUDY 

The following study tasks are recommended to gain information 
necessary to complete a Safety Test Planning Guide: 

• Review pertinent General Atomic analyses and tests (if 
information is available): 
• Post-seat contact problem analyses 
• Thermal stress analyses 
"> Hot-streaking analysis 
L Analysis of core support loads from thermal expansion, 

friction and seismic excitation 
• Effects of graphite creep, distortion and post rocking 

on the contact problem 
• Fatigue studies — posts, seats and blocks 
• Wear studies — post-seat contact problems 
• Effects of manufacturing, handling, etc., on mechanical 

and strength property variations. 

• Review additional graphite material data on fatigue, creep, 
irradiation, oxidation, etc., to further assess state-of-the 
art and identify further data requirements for the core 
support analysis. 

• Review developments in nonlinear fracture mechanics for 
possible application to the core support structure analysis. 

• Conduct further discussions/review of Aerospace Corporation's 
work on relating microstructural parameters to bulk properties 
to determine possible application to the core support struc-
ture analysis. 

• Identify and investigate other possible core support struc-
t m » failure modes. 

• Investigate reliability models based on the failure modes 
identified in the previous task. 
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