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TSX GUPHITE FOR EXTENDED USE IN THE N-IUUCTOR - 
C. R. Kennedy 

ABSTRACT 

The N-Reactor at Hanford has been in operation since the 
mid-1960s. In view of the large cost required for replacement 
of this reactor, it was desirable to consider the merits and 
risks of prolonged extension of the operational life of the 
present reactor. Continued operation would require careful 
attention to the effects of dimensional changes of the core 
graphite under Srradiation. 
changes of importance, but also the effects of restrained growth 
on physical properties and strength. 

available for grade TSX graphite with the purpose of obtaining 
reasonable estimates of material. behavior. The results are 
enhanced by obtaining generalized behavior characteristic6 
demonstrated by similar grades of graphite, such as CSF, AGOT, 
and PGA. The intent of this work is to furnish the necessary 
coefficients to describe the material behavior for inclusion in 
the constitutive equations for the anisotropic graphite grade 

Not only are the free-dimensional 

This report reviews the limited amount of irradiation data 

TSX. 
Estimates of the free-dimensional changes of TSX graphite 

as a function of temperature and fluence have been made and 
shown to be in good agreement with the data. 
irradiation on other physical properties, such as elastic 
moduli, conductivity, and coefficient of thermal expansion, are 
also described. The irradiation creep characteristics of TSX 
graphite are also estimated on the basis of data for similar 
grades of graphite in the United States and Europe. 
approximations of stresses generated in the keyed structure were 
made to demonstrate the magnitude of the problem. 
clearly predict that the filler-block keys will fail and the 
tube-block keys will not. It is also indicated that the overall 
stack height growth will be increased by 25 to 38 mm (1-1.5 in.) 
because of creep, 
confirm these approximations. 

The effects of 

Crude 

The results 

A more detailed analysis should be done to 

INTRODUCTION 

The first controlled nuclear-fission reactor at the University of 

Chicago used graphite as the moderator and reflector. This graphite was 

1 



similar to premium electrode grades, the only graphites available at the 

time in the appropriate purity and sizes. Made o f  highly anisotropic 

filler particles and a coal-tar pitch binder, it was extruded, baked, and 

impregnated before graphitization. This graphite was the nuclear standard 

in the  early reactors. The prototype production reactor at Qak Ridge, all 
of the Hanford production reactors, and the initial gas-cooled power reac- 

tors in the United States, France, and England through the 1950s and i n to  

the 1960s used graphites of this type. These graphites perfarmed very 

well in such reactor systems with low temperatures, fairly low power den- 

sities, and fairly low total flux accumulation. However, as operating 

temperatures and power densities were increased t o  obtain greater e f f i -  

ciency, the demands of the operating systems began to exceed the capa- 

bilities of the first-generation graphites, sa a series of newer 

second-generation graphites was developed to meet the more demanding 

requirements. 

The N-Reactor at Hailford is a transition reactor linking the initial 

production reactor to the newer high-temperature systems useful for steam 

production and electric generating capabilities. The TSX graphite used, 

however, 1s a first-generation material with highly anisotropic proper- 

ties. The initial design requirements were well within the capabilities 

of TSX, but the high cast required f o r  replacing this reactor inakes it 

desirable to consider the possibility o f  extending the use of the 

N-Reactor rather than replacing it. 

Continued operation of the core requires that careful attention be 

given to the dimensional changes produced in the graphi-te by irradiation. 

The neutron flux and temperature gradients in the graphite moderator 

blocks result in a time-varying differential growth. The resulting 

stresses in many cases are similar to thermal stresses produced by an 

ever-increasing temperature gradient. Graphite, fortunately, has the 

ability to creep under irradiation, allowing the stress intensity gcner- 

ated by the differential growth to relax and, w i t h  proper design, to 

rematn below critical levels for  fracture. The creep also averages the 

free-dimensional changes, contributing to the dimensional stability of 

the core structure. In the N-Reactor, however, there is the additional 

problem of stress concentrations due t o  the keyed structures 
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It is not within the scope of this report to furnish in-depth stress- 

intensity calculations assessing the behavior of graphite throughout the 

life of the N-Reactor. It is, however, the intent to furnish the 
necessary coefficients describing the material behavior for inclusion In 

the constitutive equations, which have the following form: 

(total strain) = (elastic strain) -t (creep strain) 

9 (irradiation growth) -+ (thermal growth) . 
In this context, a review of the results of past irradiation experiments 

is beneficial in order to obtain reliable estimates of the material behav- 

ior. The irradiation data are very limited €or TSX graphite, and the 

overall results rely heavily on data obtained on similar grades such as 

CSF, AGOT, and PGA. There is also a significant amount of information 

from irradiation of second-generation grades to, or perhaps past, useful 

life exposures but at temperatures above the N-Reactor operating tem- 

peratures. 

that can be extended to the more anisotropic graphites such as grade TSX. 

These results furnish generalized behavior characteristics 

IRRADIATION DAMAGE 

The effect of irradiation on the graphite crystal is displacement 

damage caused by collision of energetic neutrons with the carbon atoms in 

the lattice. The carbon atoms in the hexagonal layer planes are displaced 

to form interstitials between the layer planes, leaving vacancies in the 

original planes. The consequence of the displacement is largely a func- 

tion of the irradiation temperature and the mobility of the interstitials. 
A t  fairly low temperatures (below room temperature) the interstitials are 

essentially immobile and form point defects. 

increases, the interatitials form dipoles and then planes as intersti- 

tials cluster. The exact mechanisms of the formation of new hexagonal 
planes and collapse of the layer planes in the a-axis direction are still 

not  complete and will not be discussed in detail. 

fairly complete bibliographies on this subject. Notable are those 

by deHalas , Reynolds, Simmons, Kelly, Thrower, and Engle  and 

Eather lg . 

A s  the temperature 

Several reviews furnish 
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The major transitlorn temperature determaialtzd in annealing studies that 

is significant to the N-Reactor irradiation is around 300 to 35OoC,  where 

interstitial clusters become mobi le e 

lattice is severely distorted by irradiation damage, and energy storage 

nailst be a real consideration. Above 400"C, because of interstitial mobil- 

ity, the lattice is only slightly distorted until the normal ABA 

onal stacking is altered t o  a randomized ABC stacking, This occurs as the 

interstitial planes grow to become very large and the lattice spacing 

returns t o  the initial graphite spacing. 

appears to be an increase in growth rate wlth increasing temperature; 

however, the growth rate increase was also shown to d e p e d  on the 

crystallite size in the polycrystalline aggregate. The more perfect 

crystalline graphite with a large crystalltte size has lower growth rates 

a t  higher temperature than the less graphitic materials. This effect is 

related to the increased probability of vacancy-interstitial recombination 

and annihilation in the materials wlth larger crystallite s i z e .  

this effect is not very large until the irradiation temperature exceeds 

500 to 600OC. 

Below thCs tell~perafi:~re range the 

Bokros7 has shown that there 

However, 

DIMENSIONAL CHANCES 

The dimensional changes of the highly anisotropic, hexagonal crystal 

structure caused by neutron irradiation are fairly large. The c-axis 

growth and the a-axis shrinkage in single crystals or in highly aligned 

pyrographites have been shown to produce up to 800% dimensional changes 

without volume changes or structural degradation other than shape change. 

However, reactor-grade graphites are polycrystalline, and even the more 

anisotropic grades are still aggregates of crystals with varying mismatch 

angles between the individual crystals and crystallites. The 

polycrystalline graphite structures also include porosity consisting of 
both inter- and intraparticle porosity associated with either crystallite 

boundaries or particle boundaries. Thus, the averaging techniques 
required to translate the single-crystal dimensional. changes to 

polycrystalline graphites must include the additional effects of porosity 



changes and shearing stresses. 

in the previously mentioned reviews. 1-6 

a modification of the averaging technique used by Bacon8 €or the coef- 

ficient of thermal expansion. The following is an extension of the treat- 

ment used by Price and Bokrosg in explaining the dimensional changes in 

polycrystalline graphite. The expression 

The various methods of averaging are given 

Each method has 'been essentially 

where y I s  the neutron fluence and R, is determined from X-ray diffrac- 

tion data and depends on the intensity of the preferred orientation. 

Gx,c  and Gx,a are accommodation factors, which are the fractions of 

a-axis and e-axis growth that are realized in the overall growth of the 

graphite. 

of microcracks parallel to the basal planes. Hawever, as the e-axis irra- 

diation growth fills these pores, Gtc,c increases to a value approaching 

unity. 

formation and microcracking normal to the basal planes are very rare. In 

fact, in the l o w  fluence results and comparisons, GX,a has been essen- 
tially equal to unity and has been ignored. However, as G,,, increases to 

unity and the growth accommodation by the preexisting microcracks is 

exhausted, the differential growth between the higher angle boundaries 

exceeds the fracture strength and new porosity i s  created. This porosity 

is normal to the basal planes, and Gx,a begins to decrease in value. 

Initially, C,,c is fairly small because of the large quantity 

On the other hand, G3C,n i s  essentially equal to unity because void 

The volume decrease (or bulk denslty increase) occurs when the value 

of is small; when the accommodating microcracks are exhausted and 
G,,, reaches unity, the densification is completed. 

the bulk density decreases as Gx,a decreases in value. 

both Gx,c and G X , a  are averages due to the preferred orientation distribu- 

tions in various graphites and do not  simply change in value indepen- 

dently. Considerable evidence1 from surface area measurements and 

fracture toughness studies indicates that the large pores are reduced in 

size. But, there is a large increase in the number of small pores 

The volume expands or 
It i s  clear that 



beginning with the initial. exposure to irradiation. Of course, the reduc- 

tion in size of the large pores I s  limited, and the. eventual saturation 

occurs as maximum density is obtained. The voliime herease then OCCUKS by 

an increase in the number sf small pores Pn the graphite. The pore 

morphology and how it changes are important in understanding the overall 

dimensional changes in graphites and the ability to estimate those 
changes. It is also extremely important in an understanding of the frac- 

ture characteristics of irradiated graphite 

Estimates of the accomadation factor, G x , c ,  have been made from the 

eoef ficients of thermal expansions 7. s 3  9 

valtd only for the initlial growth rates because Gx,c is only reasonably 

constant in the preferred e-axis direction and begins t o  increase almost 

immediately in this direction in extruded anisotropic graphites. However, 

the magnitude of the volume change at a given irradiation temperature can 

be estimated by a consideratian o f  both the overall porosity created by 

fabrication and that of the microcracking caused by cooling polycrystal- 

line graphite from graphftization temperatures .I3 

diatton temperature is increased, the accommodation in the craxis by 

microcracking is reduced signif lcantly. l 3  

the overall volume decrease and the fluence requjrcd t o  obtain the maximum 

densification. Therefore, the flaience necessary to seriously degrade the 

physical properties is reduced as irradiation temperature increases. 

However, these estimates are 

Also, as the irra- 

This results in a reduction in 

Only one irradiation experiment has been performed on TSX graphite to 

large fluences at 01: near the N-Reactor temperature, Bowever, several 

graphites very similar to TSX have been irradiated over a fairly wide 

range of temperatures e 

Henson et al.15 on CSF, AGOT, TSX, and PCA graphites. 

materials were made by extrusion with similar filler cokes, binders, and 

impregnants, yielding very similar structures aiad anisotropy. Grade TSX 

does have a somewhat finer particle size, slightly higher density, and a 

slightly greater degree of anisotropy. These diFEerences are minor and 

should  only slightly affect the irradiation characteristics of TSX as corn- 

pared with the other grades. One problem 1.n these experiments is that the 

irradiation temperatures varied as much as 100°C in the General Electric 

Test Reactor (GETR) experlments during the irradiation cycle. The 

These irradiations were performed by H e l m 1  and 

All o f  these 
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r epor t ed  temperatures are time-weighted average temperatures wjlth some 

l e v e l  of u n c e r t a i n t y .  It is probably s a f e  t o  say  t h a t  t he  v a r i a b i l i t y  

i n  t h e  i r r a d i a t i o n  experiments is s u r e  t o  exceed some OS t he  minor 

d i f f e r e n c e s  due t o  grade 

Because we are more i n t e r e s t e d  i n  t h e  long-term i r r a d i a t i o n  behavior 

of t h e  g r a p h i t e s ,  t h e r e  are s e v e r a l  s p e c i f i c  c h a r a c t e r i s t i c s  t h a t  can be 

compared. The c h a r a c t e r i s t i c s  of d e n s i t y  change are t h e  maximum den- 

s i f i c a t i o n ,  t h e  f luenee  t o  o b t a i n  maximum d e n s i f i c a t i o n ,  and t h e  f luence  

t o  achieve a d e n s i t y  equal  t o  t h e  i n i t i a l  dens i ty .  The dimensional 

change c h a r a c t e r i s t i c s  include t h e  maximum shrinkage,  t h e  f luence  t o  

r e t u r n  t o  t h e  i n i t i a l  l e n g t h ,  and t h e  f luence  t o  grow 5% i n  t h e  t r a n s v e r s e  

d i r e c t i o n .  The maximum d e n s i f i c a t i o n  of t h e  va r ious  grades as a func t ion  

of i r r a d i a t i o n  temperature is shown i n  Fig.  1 .  The reduced d e n s i f i c a t i o n  

with i n c r e a s i n g  temperature is i n  agreement with Kennedy1 

above. The f luence  required t o  o b t a i n  the  maximum d e n s i f i c a t i o n  is  com- 

pared i n  Fig. 2 with t h e  f luence  r equ i r ed  t o  achieve t h e  i n i t i a l  dens i ty .  

This f i g u r e  a l s o  i l l u s t r a t e s  the reduced l i f e  expectancy with inc reased  

i r r a d i a t i o n  temperature.  Shown i n  F i g .  3 is the  magnitude of the  negat ive 

t r a n s v e r s e  s t r a i n  as a func t ion  of i r r a d i a t i o n  temperature.  These r e s u l t s  

are c o n s i s t e n t  with t h e  s m a l l  d i f f e r e n c e s  observed between t h e  grades i n  

Fig.  1 .  "he f luences  f o r  t h e  t r a n s v e r s e  s t r a i n  t o  r e t u r n  t o  zero and t o  

grow 5% are given i n  Fig.  4 .  Note t h a t  t he  d a t a  do not produce smooth 

curves i n  all cases, which is not unexpected i n  view o f  t he  experimental  

u n c e r t a i n t i e s .  However, t h e  good agreement between grades and t h e  t o t a l  

o v e r a l l  cons i s t ency  support  t h e  use fu lness  of t h e  d a t a  for e s t i m a t i n g  TSX 

dimensional changes. The main area of u n c e r t a i n t y ,  u n f o r t u n a t e l y ,  is i n  

t h e  CSF d a t a  below 500°C (not shown i n  Figs. 2-4)) t h a t  i s  i n  conElLct with 

PGA r e s u l t s  and i n c o n s i s t e n t  w i th  higher-temperature CSF and AGOT r e s u l t s .  

These low-temperature CSF r e s u l t s  are excluded even though t h e r e  is pre-  

s e n t l y  no apparent  j u s t i f i c a t i o n  o t h e r  than the apparent l a c k  of agreement 

with o t h e r  da t a .  

as descr ibed 

By using t h e  r e s u l t s  of Figs. 3 and 4 d e s c r i b i n g  t h e  t r a n s v e r s e  d i s -  

placements, s e v e r a l  s i g n i f i c a n t  p o i n t s  d e s c r i b i n g  t h e  growth can be 

loca ted :  t he  po in t  of maximum c o n t r a c t i o n ,  t h e  f luence  r equ i r ed  t o  expand 

back t o  ze ro ,  and t h e  f luence  r equ i r ed  €or  5% growth. By l o c a t i n g  t h e s e  
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points, the transverse growth curves can be roughed in and fitted by the 

least squares method t o  the following polynomial expression: 

where, in the transverse direction and at temperatures from 400 to  800°C, 

Al. = 0.5163 - 9.956 x T 4- 3.82 x T 2  , 
= -4.2685 -t 1.0296 x T f 2.7472 x T2  , 
= 4.00112 + 6.095 x los5 7’ -  1.156 x 

Bl 

5 
% 

T 2  , 
= 0.80156 - 7.943 X T + 1.0604 x T2 , 

and where T is temperature in OC and y is fluence in units of 

1025 neutrons/m2. 

The dimensional changes in the axial directions can also be 

described in a similar manner yielding the following: 

A 1 1  = -0.8396 f 3.389 x loe3 T - 2.811 x lows Z’* 

B 1 1  = 0.2508 - 1.348 x T f 1.129 x T2 , 

C11 = 4 . 4 6 2  x lom2 + 9.283 x T - 8.136 x T2 , 
D l l  = 7.666 x lo-& - 1.505 x 

, 

T + 1.524 x lo-’ T* , 
with the same units as above. 

Of course, the constants for the higher order terms are f a i r l y  small in 

the axial direction but are included fas consistency. 

can thus be calculated from the transverse and axia l  growth data by the 

expression 

The volume change 

The results o f  the  growth curve 

and 6 ,  and the plots oE volume curve 

calculations are given in F i g s .  5 

calculations are given tn Fig. 7.  



13 

cv € L
 
0
 

L
 

c, 
.J
 

v
 

>
 a, 

Y
 

9
0

 
Ln 
w

 
A

 

w
 

lo oz 
I

w
 

s
 

J
 

LL. 



14 



5.0 

2.5 

0.0 

-2.5 

-5.0 

-7.5 

-10.0 
0 

ORNL-OWG 85-10086 

5 10 15 20 25 so 35 40 

FLUENCE, €>SOkeV (neutrons/m2 x 



16 

Experimental results of samples irradiated in the High Flux Isotope 

Reactor (HFXR) at Oak Ridge National. Laboratory (ORNL) are compared with 

the calculated data in Figs, 3 ,  9, and 10. The fit appears to be fairly 

good and lends credibility ta the ability of the above equations t o  

describe the dimenstonal changes fairly well, These calculations are 

extremely important in that most of the physical properties and the useful 

life of the graphite are predicted an the basis of the density changes in 

the graphite. 

FRACTURE STRENGTH 

The fracture strength of graphites and most ceramics can be described 

by the Griffith-Irwin expression: 

whe re 

G I c  .-- strain energy release rate, 

Krc = fracture toughness, 

E = Young’s modulus, 

c = one-half length of the initial defect size, 

= fracture stress. “f 
Although strength is one measure of the mechanical properties, fracture 

toughness i s  probably a better measure under real conditions where stress 

concentrations are built into the structure. This is particularly true in 

estimating when the filler-block keys will begin t o  break. The strength 

of graphite, or more specifically the change in the probability of frac- 

ture, is a very important physical property in the consideration of the 

useful life of the moderator graphite. 

In vlrtually all fracture t e s t s ,  the strength has increased initially 

with irradiation. There is then a leveling off in the strength, followed 

by an increase as the density of the graphite increases, However, as the 
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maximum density is achieved and the graphite beghs to expand, the 

strength begins to decrease. It has heen found that, as the graphite 

expands back to its original volume, the strength is reduced but is still 

30 to 50% stronger than the initial unirradiated strength, This type of 

behavior is shown in Figs. 11 and 12 for a German-grade ASR-18 graphiteels 

Figure 13 is a comparison of the initial unirradiated strength with the 

strength after irradiation to zero volume change, Although 

ma5ntains some degree of integrity to volume expansions of 

strength may fall to less than 50% of the initial! strength; 

has been a practice to consider the iiseful life o f  graphite 

diation as that fluence which causes the graphite to return 

nal density. The fracture strength of TSX graphite irradia 

is shown in Pig. 14. 

the graphite 

0 to 20%, the 

therefore, it 

under irra- 

to its origi- 

ed in the H F I R  

However, although the fracture strength increases to values of almost 

twice the initial strength, our studies have shown that the fracture 

toughness Increases only a slight amount. Also, as the maximum density is 

reached, the fracture toughness begins to decrease. The decrease in frac- 

ture toughness with fluence is not so severe as to change the definition 

of useful life by volume change. In the case of filler-block key frac- 

ture, credit should not be taken for the increased fracture strength o f  

TSX by irradiation. 

The results of the fracture toughness studies in progress at ORNL 

also permit a description of the structural. changes that occur during 

irradiation that will affect other propertles. The slight increase i n  
fracture toughness in contrast to the large increase in strength indicates 

that the strength increase is the result: of an increased modulus of 

elasticity and a reduced critical defect size, The strain-energy release 

rate, G I c ,  or the energy to create new surfaces, is actually reduced by 

irradiation throughout its life, The reduction of GI, and the increased 

surface area produced by irradiation are n result of a new flaw structure, 

mueh smaller than the critical defect stze, that is created by the dif- 

ferential growth. Thfs flaw structure i.s a lso  oriented normal to the 

layer planes in contrast to the original predominantly parallel flaw 

structure. These new flaws increase in number but have not  been observed 
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t o  i n c r e a s e  t o  a s i z e  g r e a t e r  t han  t h e  reduced c r i t i c a l  f l aw  s i z e  of t h e  

o r l g i n a l  unirradlbated s t r u c t u r e .  The s t r e n g t h  is almost t o t a l l y  main- 

t a i n e d  by t h e  inc reased  Young's modulus; as t h e  d e n s i t y  dec reases ,  t h e  

modulus dec reases  and t h e  a s s o c i a t e d  s t r e n g t h  decreases .  

MODULUS OF ELASTICITY 

The modulus of e l a s t i c i t y  i n c r e a s e s  with i r r a d i a t i o n  because of t h e  

pinning of d i s l o c a t i o n s  by vacancy c l u s t e r s  w i t h i n  t h e  l a t t i ce .  Thus, t h e  

modulus of e l a s t i c i t y  i n c r e a s e s  very r a p i d l y  wi th  i r r a d i a t i o n ,  tends t o  

l e v e l  o u t ,  and then i n c r e a s e s  aga in  as d e n s i t y  i n c r e a s e s ;  as t h e  maximum 

d e n s i t y  is obtained t h e  modulus begins t o  decrease.  The e f f e c t  of irra- 

d i a t i o n  temperature on t h e  o v e r a l l  behavior i s  no t  very g r e a t  and depends 

mainly on t h e  e f f e c t  of temperature on d e n s i t y  changes. The modulus of 

TSX g r a p h i t e  is shown i n  Fig. 15 wi th  e x t r a p o l a t e d  values  based on d e n s i t y  

changes a t  57 5OC. 

THERMAL CONDUCTIVITY 

An e x c e l l e n t  review of t h e  thermal conduc t iv i ty  of g r a p h i t e ,  con- 

s o l i d a t i n g  most of t h e  a v a i l a b l e  data, has been w r i t t e n  by Prlce.17 

I n i t i a l l y ,  t h e  Conductivity is r a p i d l y  reduced and l e v e l s  o f f  t o  a more o r  

less cons tan t  value.  This  i n i t i a l  loss o f  conduc t iv i ty  is due t o  sub- 

microscopic c l u s t e r s  of vacancies i n  t h e  lat t ice i n  c o n t r a s t  w i th  t h e  

i n t e r s t i t i a l  loops and co l l apsed  vacancy l i n e s  r e spons ib l e  f o r  dimensional 

changes. The s a t u r a t i o n  of vacancies  remains e s s e n t i a l l y  cons t an t  and 

without  a d d i t i o n a l  s t r u c t u r a l  changes; t h e  conduc t iv i ty  a l s o  remains 

cons t an t .  However, as mentioned i n  t h e  s e c t i o n s  on mechanical p r o p e r t i e s ,  

i n t e r n a l  changes occur as a r e s u l t  of t h e  a n i s o t r o p i c  c r y s t a l l i t e  growth. 

A s  t h e  g r a p h i t e  d e n s i f i e s  and reduces t h e  o v e r a l l  p o r o s i t y ,  t h e  conduc- 

t i v l t y  should i n c r e a s e  s l i g h t l y .  This  i n c r e a s e  i s  countered by t h e  added 

r e s i s t a n c e  o f  t he  new pore gene ra t ion .  The new pore s t r u c t u r e ,  normal t o  

t h e  b a s a l  p l anes ,  s i g n i f i c a n t l y  i n c r e a s e s  the  boundary r e s i s t a n c e .  After 

maximum d e n s i f i c a t i o n ,  t h e  volume begins t o  expand and t h e  conduc t iv i ty  
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begins to decrease. By following 

in Appendix A) and the electrical 

diated in the H F I R  (given in Fig. 

the consolidated results of Price (given 

resistivity data for TSX material irra- 

161, the expected thermal conductivity 

of material irradiated in the N-Reactor can be extrapolated as shown in 

Figs. 17 and 18. 

COEFFICIENTS OF THERMAL EXPANSION 

Initially, the coefficient o€ thermal expansion (CTE) is only 

moderately affected by irradiation i n  the with-grain direction; however, 

the CTE in the against-grain direction increases by about 40 to 50%. This 

increase is due to the differential anisotropic growth closing the defect 

structure parallel to the basal planes that reduce the CTE. The CTE then 

remains essentially constant until the maximum density is obtained; then 

the CTE in both directions begins to increase. The last increase is a 

result of the loss of continuity in the a-axis by the generation of the 

new pore structure normal to the basal planes. 

It must be recognized that the measurements have been made after 

irradiation and only to a temperature below the actual irradiation tem- 

perature. As the graphite is cooled from the irradiation temperature, the 

anisotropic shrinkage actually recreates the defect structure parallel to 

the layer planes, reducing the CTE even if the irradiation had completely 

closed the defect structure during irradiation. Thus, iE a heavily irra- 

diated graphite is heated to temperatures above the  irradiation tem- 

perature, the CTE changes abruptly at the irradiation temperature as shown 

in Fig. 19 for grade H451 graphite. This change is of concern only if 

temperature increases larger than 50 to 100°C are encountered in opera- 

tion, which is unlikely. The CTE of TSX as measured to the irradiation 

temperature is given in Fig. 20 with extrapolations made to useful life. 

IRRADIATION CREEP 

Graphite experiences a time-dependent plastic deformation under 

s t ress  and irradiation. This topic has been reviewed recently by Price1' 
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and thus will not be discussed in detail. 

the creep of graphite at a sdngle temperature is related to the elastic 

constants of the graphite; that is, the creep rate is inversely propor- 

tfanal to Young's modulus. Therefore, it is possible to estimate t h e  

creep rate of TSX graphite from other creep test results. There does seem 

to be some evidence of a slightly higher creep rate in tension than in 

compressfon; however, previous creep tests in bending are in fairly good 

agreement with compression tests on like materials. 

fidence i s  not large enough to consider a difference in tension and 

compression. There is a real decreasing creep rate with fluence in both 

tension and compression. Recent German creep tests at Pettenl' to large 

fluences indicate a slightly decreasing creep rate until maximum den- 

sification, followed by a slight increase. 

given in Figs. 21 and 22 for grade ATR-2E9 a German moderator-grade 

graphite. The data on secondary creep coefficient, weighting the ORNL 

compression creep tests and the Petten creep tests more heavily, yield the 

following value for uniaxial results: 

It is fairly well accepted that 

The level of con- 

The mst recent results19 are 

. e  
E = -  a 

E 

with 

T h i s  value is slightly lower than that used by Price to better take into 
account the decreasing creep rate with fluence. 

There have been no creep studies of graphite under multiaxial load- 

ing. The failure surface determined from multiaxial fracture studies is 

of no help in that essentially no yielding or plastic flow in the normal 

colntext occurs before fracture. We are l e f t  to use models shown to be 

applicable for other anisotropic materials such as zirconium alloys. The 

plastic potential as defined by Hu20 

gives the Levy-Mises equations by analogy 
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where 

"11 = a 1 2  $- a 3 1  

a 2 2  = a 2 3  + "12 

0133 = a 3 1  + 0123 . 
The effective strain rate becomes 

with 

If we take a l l  = 1 f o r  uniaxial testing in the with-grain direction, 

then 

c -  
- = -  a-k;;  , 
E E l l  

- 
= ~ 1 1  and 0 = 011 for uniaxial testfng, and 

where 

E11 = Young's modulus in with-grain direction, 

k = creep coefficient in with-grain direction. 



37 

For TSX graphite with rotational symmetry about the 2 axis 

. . 
where E$ and are two orthogonal axes normal to the Z axis, and 

Because the experimental results from uniaxial testing show that the creep 

coefficient is related t o  Young’s modulus as given in Eq. ( l o ) ,  it follows 
that 

EZ Ea 

% Y 
a22 = a33 = - = - E ’  

Therefore, in summary for TSX graphite, 

with 

and 

and these yield the results 

( 1 4 )  
- 2 1  E: = p [ O . 5 ( 2 . 5  E a  - 0.5 8 ) *  + 2.5(0.5 i - 0 - 5  i,)2 

Y Y 

+ 0.5(0.5 LZ - 2 - 5  i Z ) 2 ]  

G = 2.75 

i, = k [ u z  - O.5(ox + o ) ]  Y 

E k [ 3 , 0  CJ - 2.5 - 0.5 o,] 
Y Y 

Ex = k ( 3 . 0  ox - 2.5 cs - 0.5 aZ] . 
Y 
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Appendix B shows justification of Eqs. (12)  through ( 1 5 )  for grade H327. 

Notice in Eq. (15)  that the volume Pa not expected to be changed by creep. 

This Ps in agreement wtth the results at ORNL but is in conflict with 

results given by Price in his review. This is a result of the lack of 

recognition that Poisson's ratios are dAlldA2 and not *ll/A12. 
exception of ORNL's dataa, all of the data on transverse to longitudinal 

strain ratios were calculated including the primary creep, Because pri- 

mary creep does cause a significant volume change, the ratio of the total 

strains can never show that the volume is constant, 

With the 

As just mentioned, primary creep does produce a volume change. 

Primary creep has also been found to be anelastic in that full recovery is 

observed when the stress is removed. The time o r  fhence required for 

primary creep to fully saturate or recover is very short in contrast to 

the rate of loading under essentially all normal operating conditions 

except for rapid transients that cause thermal stresses. This permits the 

primary creep to be effectively included with the true elastic response as 

a single pseudo-elastic term. Because primary creep in the temperature 

range 400 to 600°C is essentially equal to the I n t t i a l  elastic strain, we 

have the following equations for elastic response of TSX: 

2i2 
P- 

primary '2 
a elas t Pc 

There is no Poisson's strain for primary creep, and it is virtually 

unmeasurable (<0.02) for simple elastic loading, This I s  not unusual for 

graphites made with highly acicular filler cokes, where even very f ine-  

grained graphites have only a maximum of 0.05 for Poisson's ratio. This 

means that the major elastic response in TSX graphite is the opening or  

closing of the existing flaw structure, not a transverse displacement. 
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USEFUL LIFE AND APPROXIMATE STRESS CALCULATIONS 

Estimates of useful. life based on the fluence required to densify and 

then expand back. to the original density are given i n  Fig. 23 for graphite 

grades TSX, H451, ATR-2E1' (a German second-generation graphite), and 

GraphNOL N3M13 (a third-generation graphite developed at QKNL) (I The 

increased life expectancy of the more advanced isotropic graphites is 

obvious. The results from Petten on grade ATK-2E to 300*C certainly give 

credibility to the exclusion of the lower temperature results reported by 

Helm. Estimates of the life expectancy should take into consideration 

the actual temperature and €lux across the block. Therefore, credit can 

be taken for the lower temperatures in the higher-flux tube blocks. Shown 

in Table 1 are the results of estimates using an annual Eluence to obtain 

a volume average of 2.4 x loz6 neutrons/m2 (E > 50 keV) in the tube 
blocks by the year 2010. 

Table 1. Estimated useful life of graphite components of the N-Reactor 

- 

Component 

Year 2010 
Temperature f hence Life 

("C) (neutrons/rn2) ratioa 
E > 50 keV 

- 

Tube block Inside diam 454 4.00 x 1.0 
Corners 500 2.56 x 0.73 

Uncooled filler block Tube face 504 2.84 x 0.81 
Center 545 2.44 x 0.79 

Cooled filler block Tube face 385 2.84 x 0.68 
Inside diarn 275 2.44 x 0.55 

%atio of 2010 fluence t o  zero volume fluenee from Fig. 19. 
Determined by using peak fluence of 4 x neutrons/m2 ( E  > 50 keV). 

These estimates of useful life show that the inner surface of the 

tube block will begin to degrade sooner than other areas. There is some 

uncertainty i n  the cooled filler block operating at the very low tem- 
perature of 275'C. While increased life is expected with decreasing tem- 

perature to at least 400'C, there is a temperature where the growth rates 
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will begin to increase. Thus, as the temperature is reduced below 400"C, 

the useful life will reach a maximum and then decrease. The Petten 

results tend to indicate that the temperature for maximum life is below 

300OC for Grade ATR-2E, but it is undetermined for TSX graphite. The flux 

in the cooled filler block is reduced t o  about 60% of the peak flux, so it 

is doubtful that these blocks will lose their integrity before the tube 

blocks. Even i f  the inside diameter of the tube blocks loses its 
integrity, a structural analysis will almost certainly show that the block 

will not fail because of the support from the remainder of the block. 
It is not within the scope of this report to perform a complete 

stress analysis of the core structure blocks. However, an approximate 

estimation of the stresses due to the filler block-tube block interaction 

may be in order to illustrate the magnitude of the generated stresses. 

The solution will not  average the growth in the filler and tube blocks 
but. will use volume average of temperatures and flux. In reality, the 

differential growth across the wall of the tube blocks and across the 

filler blocks will cause stresses that must be averaged with the block 

interaction stresses. The magnitude of the maximum axial. stress in the 

tube block with a flux drop of about 1.5 could be as high as 6.9 MPa on 

the inside diameter of the block. In the keyed structure, the growth rate 

difference between blocks will be equal to zero. The following equations 

are used for the dimensional changes for the filler-block keys: 

(elastic ( primary (secondary (irradiation (thermal 
creep) creep) creep) growth) strain) 

with the coupling condition 

A .  6 
&zf - + - = 
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W h t ? r e  

=? filler-block strain rate in the axial direction, 

= tube-block strai .n rate in the transverse direction, 

Ezf 

;Xt 

A = tolerance between the 6-in.-wide blocks initially, 

k = uniaxial creep coefficient in the with-grain 
direction (see Eq. 10). 

For the tube-black keys, 

again coupled by 

where 

E z t  = tube-block strain rate in the axial direction, 

Ex& = tube-block strain rate in the transverse direction. 

Prom the geometry of the keys, 

Substituting, combining, and using Q, = 0.81 we obtain the results f 

(k + F ) a z f  -+ kQ,, (5.01 u zf - 0.467 a ?f ) 
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The r e s u l t  is two d i f f e r e n t i a l  equa t ions  with two unknowns. The 

d i f f e r e n t i a l  growth is given by Eq. ( 2 ) ,  which i s  a cub ic  equat ion in t h e  

f l u e n c e  y .  The a c t u a l  d i f f e r e n t i a l  growth d i f f e r e n c e s  are shown i n  

Fig. 24 f o r  both t h e  tube block-hot f i l l e r  block and t h e  tube block- 

cooled f i l l e r  block i n t e r a c t i o n s .  A t  p r e s e n t ,  t h e  i n t e g r a t i o n  of 

Eqs. (20) and (21)  with t h e  growth ra tes  e i t h e r  a l i n e a r  o r  pa rabo l i c  

f u n c t i o n  of f luence  does not  appear t o  be s t r a i g h t f o r w a r d ,  and i t e r a t i v e  

methods nil1 r e q u i r e  additional e f f o r t .  I f  t h e  growth-rate d i f f e r e n c e s  

are  taken as c o n s t a n t s  f o r  a given increment of f luence  and the  stress 

rates were e s s e n t i a l l y  cons t an t ,  a quick approximation of t h e  stresses can 

be made. 

For t h e  volume averaged tube-block f l u e n c e  from 1 to 2 x 

neutrone/m2, and letting t h e  d i f f e r e n t i a l  growth ra te  between t h e  tube 

block and e i t h e r  t h e  f i l l e r  block o r  t h e  cooled f i l l e r  block be approxi- 

mated by 

and s u b s t i t u t i n g  t h e s e  values  i n t o  E q s .  (20) and (21)  y i e l d s  

cT = 3.0 x -11 
xf 

4.13 x 10-l’ CT - 3.03 x 10 
Zf 

CT 
xf -4.08 x 10”l a + 2.10 x 

Zf 
= 2.8 x , 

wi th  t h e  f luence  i n  u n i t s  of 

equa t ions  can be r e a d i l y  solved t o  g ive  

neutrons/m2 ( E  > 50 keV). These 

d = -10.6 MPa (-1530 p s i )  
xf 

cr = 6.9 MPa (910 psi) . 
zf 
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It requires about 40 kM (9000 lb) force21 to break the filler-block 

keys; therefore, it would be expected that the keys would begin to fail 

sometime after 1 x l o z 6  neutrons/m2 (in 1 9 7 7 ) .  

continue t o  increase until all of the keys fail, as can be shown by the 

calculations from 2 to 4 x 

The stress intensity will 

neutrons/m2 where G x t  - 0.81 g z f  increases 

to (5 x 10-3. 

From 2 to 4 x neutrons/m2: 

a = -7.34 MPa (-1060 psi) 
x f  

= 14 .1  MPa (2050 psi) 

= -19.7 MPa (-2860 psi) 
“zf 

“Xi5 

o = 0.91 MPa (130 psi). 
xt 

The stress fn the filler block now produces a force of 80 kN 

(18,000 lb), more than twlce that required to break the keys. 

constrained filler-block keys w i l l  fail eventually. After the filler- 

block key fails, the stress state is now only controlled by the tube-block 

key interaction. 

All of the 

After the filler-block key is broken: 

0 “ 0 ,  Q s o .  
3.f X t  

Thus : 

--f+ 2 bZ kt$f 3.0 oq + (9 f d a x A T f  xf f E ”  
xf Ex 

and @f and or, on substituting for azt equating 

xf 
+ y) ;‘xf -+ k ~ ~ ( 2 . 4 3  + 0 . 1 2 4 ) ~  
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This  equat ion  can be i n t e g r a t e d  if t h e  stress states i n  t h e  f i l l e r - -b lock  

keys are known. Again, f o r  s i m p l i c i t y ,  t he  growth rate d i f f e r e n c e  

( g z c  - 0.81 g,,) is  approxj-mated by a cons tan t  of -2 "54 x w3, giving  

CY -14.0 m a  (--2830 p s i )  xf 

= 1.73 m a  (258 p s i )  . % i; 

The r a t h e r  t r i v i a l  i nc rease  i n  t h e  a x i a l  stress by t he  broken f i l l e r -  

block key does not  appear t o  be g r e a t  enough t o  cause the  tube-block keys 

t o  f a i l .  Although the  tube-block keys w i l l  n o t  f a i l ,  t h e r e  w i l l  he a 

s t rong  tendency f o r  t he  f i l l e r  blocks t o  jump out  of t hc  6.4-m-deep 

( 1 / 4  In.) s lo ts  i n  t h e  tube blocks. This  w i l l  be countered by t h e  weight 

of the s t a c k  holding the  blocks i n  place.  Thus, as has been observed, 

some of t h e  f i l l e r  blocks have jumped out  of t he  s l o t s  a t  the  t o p  of the  

s t ack .  This  d i s l o c a t i o n  may work i t s  way down the  s t a c k  as t he  s t r e s s e s  

and the  r e s u l t i n g  fo rces  inc rease  with f luence .  

The s t a c k  he ight  should r e f l e c t  some dimensional i nc rease  due t o  the 

p las t i c - c reep  deformation i n  the f i l l e r  block-rube block i n t e r a c t i o n .  

i = kl$Jt(-2.5 UXt - 0 . 5  B a t )  " ' g  (8 f d -- a a Yt y t  t de x t 

Before f r a c t u r e  (up t o  2 x 

t h e  average a r e  only about one-half t h a t  ca l cu la t ed  a t  the  end poin t .  

Then 

neutrons/m*), assume t h e  stresses on 

s k (11.5 - 0.30) 0.45 = Q.Q(d04/1021 
k g t -  'g& 

o r  a t o t a l  of 1.0% i n  2 x neutrons/m2. This  1s not  large but 

could add as much as an inch t o  t h e  o v e r a l l  stack height .  The inc rease  
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after the key is broken results only from the stresses in the filler 

block. Again, using one-half of the calculated stress intensities, we 

obtain 

k (-0.40) 0.45 = 0.0001/10~~ 
k y t -  ;g*%- 

= k (18.2) 0.14 = 0.0002/1021 . iyf - b,% 

In this case, there is only about 0.2% increase in 2 x 18z6 neutrons/m2, 

which will not add much to the stack height. The breaking of the filler 

keys will reduce the stack-height growth from creep deformation. 

SUMMARY 

The effect of irradiation on the physical properties of graphite 

has been discussed. In general, there are two types of irradiation damage 

that affect these properties. 

clusters and the second is the structural changes that result from the 

anisotropic crystallite growth. Those properties affected by vacancy 

cluster density, such as conductivity and elastic moduli, change very 

rapidly and the change saturates as the defect density saturates. All the 

properties are affected by the structural changes within the graphite, 

particularly after the fluence required to obtain maximum density is 

obtained. As the volume increases, most of the properties are detrimen- 

tally affected. All available information indicates that the physical 

properties, such as strength, elastic moduli, conductivity, and CTE, are 

not seriously degraded up to the fluence required to increase the volume 

to the original density. The extent to which these properties can be per- 

mitted to degrade by volume expansion needs to be examined carefully. 

The first is the production of vacancy 

The dimensional changes of TSX graphite as a function of temperature 

and fluence have been estimated. These estimates were based on some TSX 

data and, to a larger extent, on data for other similar graphites and the 

more advanced isotropic grades that have been irradiated to higher 

fluences. The effects of irradiation on properties such as elastic 

moduli, conductivity, and CTE were based on TSX data and extrapolated by 

using the estimates of dimensional changes. 
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The irradiation creep characteristics of TSX graphite were estimated 

on the basis of very similar grades. The estimation of the creep behavior 

after maximum density was based on results from Petten on a German isotra- 

pic grade graphite. 

Very crude approximations o f  the stresses generated by the keyed 

structure have been made by using the creep characteristics. The 

constrained filler-block keys will certainly fracture before the year 

2000. The estimate of the initiation of the key failure is in rough 

agreement with the observations. After the filler-block keys fail, the 

stresses from the tube-block key interaction increase. Those stresses, 

however, should not be high enough to cause the  tube-block keys to f a i l .  

The overall increase in vertical growth due to creep is estimated t o  he 

about 25 to 38 mm (1-1.5 in.) overall. 

These are only crude estimates, and a more accurate analysis should 

be done. The coefficients included In thls report should a l low an orderly 

analysis of the stresses in the stack. The analysis certainly should be 

done if the growth in the stack height is of concern. 

1 would like to thank R. J. Lauf and J M Robbins for their thoughtful 

reviews of this report. I would also like to acknowledge the assistance 

of F .  I?. Jeffers In the preparation of the figures and of M. B. White in 

typing the manuscript. 0. A. Nelson edited the report, and Mary Rhea and 

P. H .  Wilson prepared the flnal manuscript. 
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APPENDIX A. THERMAL CONDUCTIVITY DATA 

This appendix i s  an excerpt (pp. 44-48) from report Gulf-GA-A-12615 
(GA-LTR-3), Revieu of the Thermal Conductiu3t;y a f  NucZeaa, Graphite Under 
HTGR Conditions, by R. J .  Price, Sept .  7 ,  1973, Gulf General Atomic 
Company (now GA Technologies, he.), P.O. Box 81608, San Diego, 
CA 92138- 
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5 .  CONSOLIDATION OF DATA: DEPEPfUEilLE Q ! t  

FLUENCE, IRRADIATION TEEIPERATURE, AND MATERIAL 

5.1 Approach - t o  Saturation - 

i r r ad ia t ion  reduces the thermal conductivity of a g i v e n  grade o f  g r a p h i  t e ,  
with the r a t e  o f  decline f a l l i n g  o f f  a n d  approaching saturat ion as  the 
fluence increases. This behavior pattern holds u p  t a  the onset o f  

breakaway expansion and may be represented by an expression o f  t h e  type:  

The experimental d a t a  discussed e a r l i e r  i n  t h i s  report  show t h a t  

= % a t  + (KO - K s a t  )exp ( - k:) ( 4 )  

where K i s  the  conductivity a f t e r  a fluence ($ t ) ,  KO i s  the 'unirradiated 
thermal conductivity,  K s a t  the conductivity a f t e r  i r rad ia t ion  'io sa tura-  
t i on ,  and T i s  the "time constant" (actually a f luence) f o r  sa tura t ion .  
The number o f  measurements w i t h  suf f ic ien t  low-fluence d a t a  points t u  
estimate T i s  l imited,  b u t  t i m e  constants estimated froiii several se t s  
of data are plotted i n  f i g .  22 as a function o f  i r rad ia t ion  temperature. 
Flucnces a re  expressed in  terms of tieutroris with energies greater than 
0.18 MeV. 
i s  v i s ib l e .  
f i g .  22  gives the following empirical equation for the time constant,  T ,  

as a f u n c t i o n  o f  i r rad ia t ion  temperature, T ( O C )  : 

No systeniatic difference betwen d i f fe ren t  types of y r a p h i  t e  

A least-squares l inear  regression analysis f o r  the d a t a  i n  

T = [ (1 .589*0.677)  x T-(0 .641 .~0 .581)  1 x 70'" n/cm2 (€70.18 t k V )  

where the e r ro r  1 inii t s  represent 90% confidence 1 i n i i  t s  on the paraiiicters 
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thermal c o n d u c t i v i t y  change a s  a f u n c t i o n  o f  i r r a d i a t i o n  
t e m p e r a t u r e  



55 

5.2 Conductivj t i a f t e r  i r r ad ia t ion  to  Saturation 
After ' i rradiation t o  a fluence h i g h  enough f o r  s d t u r ' a t i o t i  t o  occut- 

- l_l-------x_-I____ 

but. too low f o r  breakaway expansion t o  s t a r t ,  t h e  thermal coriductivity 
i s  dependent only on the i r r a d i a t i o n  teriiperature and the grade and 
or ientat ion o f  the graphite.  
determined empirically by luiirping together a l l  available data on a 
given type o f  graphite i r r ad ia t ed  t o  a fluence high enough f o r  s a tu r -  
a t ion  t o  have occurred. This procedure was fo l  lowed i n  construcii  ng 
f i g s .  23 and 24, where raom-temperature conductivi t i c s  taken f r o i i i  the 

The temperature dependence can best be 

1 i t e r a  ture a re  plotted against  i r r ad ia t ion  teiiiperature f o r  needle-col*e 
graphi t e s  (para1 le1 and  perpendicular) and  i sotropic ( G i  1 socarbon-based) . 
graphi tes .  Some lower-fluencc data were also included by extrapolating 
the measurements t o  sa tura t ion ,  u s i n g  eq. 4 .  High-fluence measurements 
affected by sample expansion, and the data o f  doubtful r e l i a b i l i t y  from 
capsule 6-12, were excluded from the  p l o t .  
rated conductivity r i s e s  exponentially w i t h  increasing i r rad ia t ion  teni- 
perature over the temperature range 400°C t o  1 6 O O O C .  
regression analysis o f  the data i n  f i g s .  
empirical expressions fo r  the conductivity a f t e r  i r rad ia t ion  t o  satu- 
r a t ion ,  K s a t ,  i n  terms o f  the i r r ad ia t ion  temperature, T ( O C ) :  

I t  may ~ E J  seen t h a t  the s a t u -  

Least-squares 
23 and  24 y ie lds  the follo\ . i inq 

Needle coke graphi te ,  paral le l  t o  extrusion: K S a t  = exp 
x 10-3T - ( 2 . 9 3 i O . 1 8 )  

c a 1 / cw- 5 ec -0 C 

Needle coke graphite,  perpendicular t o  e x t r u s i o n :  K S d t  =: exp [ ( I . Q * ~ . I * )  
x 10-"T - (3 .64*0 .12 ) ]  
cal  /cm-sec--oC 

Gilsocarbon graphi te ,  any  d i r ec t ion :  K s a t  = exp [ ( I  .20 +.0.22) x 10"'T 
- (3.31+,  0.26) cal/crii-stc-"C 1 

The +, f i g u r e s  a r e  90;; c o n f i d e n c e  l imits  c a l c u l a t e d  froii: t h e  c u r v c - f i t t i t ) ?  

s t a t i s t i c s .  
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APPENDIX B e  CONFIRMATION OF EQUATION 15 

Graphite creep experiments OC1, OC3, and OC5 run in the Oak Ridge 
Research Reactor had both axial and radial specimens of grade H327 
loaded in compression at 900°C. Graphite grade H327, like grade TSX, is 
fairly anfsotropic and has the following elastic constants: 

E ,  = 11.47 GPa SldS11 Q 0.08 

E, = 5.79 GPa s13/s11 = 0.01 

C,, = 3.65 GPa s13/s33 = 0.02 . 
Gs6 = 2.69 GPa 

These values yield 

a12 = a31 = 0.5 and a23 5 1 . 5  

G -  1.75 

The diameters of axial and radial specimens compressively loaded to 
13.5 MPa were measured. In the case of the radial specimen, careful 
attention was given to determine the maximum and minimum diameters. The 
diameter measurements can be used to confirm the above equations as well 
as to demonstrate that primary creep occurs only in the loaded direc- 
tion. The results of the measurements are given In Figs. B.l and B.2.  
The data clearly show that the prlmary creep does not have a Poisson's 
ratio and does produce a volume change in the graphite. The diameter 
strain rates in the axially stressed specimen are essentially the same 



m
 
s
 

. h N m
 

52 

Q
 

w
 

0
 
s
 



61 

I 
I 

V
 

0
 

0
 

Q
, 

I- U 
z
 

0
 

v
) 

v
) 

w
 

0
: 

Q
 

z 0 
0
 

X
 

H
 

0
 

h
 

E
 

H
 

rg 
LZ n
 

0
 

I- W
 

0
 

4
 

3 v
) 
z
 

W
 

E
 

V
 

w
 
a
 

v
) 

H
 

I 
I 

I 
I 

Ln I 6
 

0
 

I 
P

 

Ln I c
 

0
 

I 
c\i 



62 

as the strain rate in the axial direction of a radially stressed spaci- 
men as expected from Eq. (B.2). The ratio o f  the 
strain rates in  the radially stressed specimen is 2.5 ,  very close to a 
3,O expected from Eq. (B.2). 
1 . 7 5  x 
specimen, which is very close to the 1 .72  x calculated from 
Eq.  ( 6 )  in the text .  These overall results are very persuasive i n  con- 
firming the validity of Eq.  ( 1 5 )  i n  the text .  

The K value for Ma27 at 900°C i s  
from the axial specimen and 1.89 x P O - 3 5  from the radial. 
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