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1. INTRODUCTION 

Reactor graphites show large dimensional changes under fast neutron irradiation[l,2] and it 
would be very difficult to construct graphite moderators for nuclear reactors if it were not for the 
phenomenon of irradiation creep[3]. The majority of measurements of creep show a transient creep 
strain of -1 elastic strain (recoverable on stress removal) followed by a constant secondary creep rate 
proportional to stress and inversely proportional to the unirradiated elastic modulus ( alternatively 
proportional to the unirradiated compliance). Recent high dose studies of creep carried out in the 
HFR at Petten and ORR at Oak Ridge have shown very large reductions in creep rate for creep 
strains greater than -1 % at irradiation temperatures of 300, 500, and 900°C, which appears to be 
followed by an increase in creep rate as the graphites begin to expand beyond the shrinkage 
maximum[4]. 

A decrease in creep rate followed by an increase was predicted by a theoretical model 
developed in the United Kingdom[5] based on an explanation of the variation of creep rate with 
initial Young's Modulus and arguing that structural changes in the graphite which modified Young's 
modulus would be reflected in the creep rate. The model was apparently verified by measuring creep 
rates on oxidized and pre-irradiated samples. However, the new data showed much larger reductions 
in creep rate than the model proposed and C.R. Kennedy[4) suggested that structural changes in the 
graphite would correct creep rates by a factor 

F - 1 -I (AV/V.,) l 
- µ (A V/V J.11 

(1) 

where(AVN0 ) is the volume change (-ve) of the control unstressed samples, 
(Ii VN0 )M is the maximum volume change (-ve) at the irradiation condition in unstressed controls, 
and µ( =0.75) is a constant. This correction is in good agreement with the observations[4]. 

The creep strain is normally defined as the difference in dimensional changes of the stressed 
specimen and its unstressed control; however, this is only true if creep strain has no effect on the 
properties of the stressed specimen[6). This is a good approximation for most properties[7] but it has 
been known for many years that increases in the thermal expansion coefficients are observed in 
samples with compressive creep strain and decreases in samples with tensile creep strain[3). Figure 1 
illustrates the changes observed on U.K. AGR moderator graphite exposed at -400°C and where the 
thermal expansion coefficient is measured over the range 20-120°C. In irradiation experiments 
carried out at temperatures less than -500°C a good linear relationship is found at each temperature 
between the rate of dimensional changes and the thermal expansion coefficient measured in the same 
direction. Figure 2 illustrates such a relationship for irradiations at -450°C. The theory is well 
understood[2], but breaks down above a critical dose y* at each irradiation temperature[8). 
Reference to Fig. 2 shows that a change in thermal expansion coefficient of ± 2 x 10~ 0 C-1 such as 
may be produced by irradiation creep will produce a marked change in the rate of dimensional 
changes; in other words, the dimensional changes of a free specimen with the properties of the 
stressed specimen would differ substantially from the normal control. This suggests that a proper 
definition of creep strain would be: 

"Creep strain is the difference in dimensions of a stressed sample and an unstressed 
sample with the properties of the stressed sample." 

The author has shown how to calculate the corrections to the current method[6] and in a companion 
report shown that the true creep strain is increased by this effect and that it readily explains the 
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apparent reductions in creep rate obtained using the current definition of creep[9]. The corrections 
obtained in the U.K. model may still be valid[5]. Creep is now linear with stress, and inversely 
proportional to Young's Modulus and linear with dose, to significantly higher dose, but it is now 
necessary in calculations of stresses within graphite components to allow for the effects of prior creep 
strain on rates of dimensional change. This paper considers the calculation of within component 
stresses due to gradients of flux and temperature. 

2. TIIEORY 

The theory of the dimensional changes of polycrystalline graphite under neutron irradiation[8] 
shows that the dimensional changes in direction x are given by: 

(2) 

where <Xx is the thermal expansion coefficient in direction x. 

<Xe and <Xa are the thermal expansion coefficients of a graphite crystal parallel and perpendicular 
to the hexagonal axis (which are unchanged in irradiation above -300°C[10]) measured under the 
same conditions. 

y is the fast neutron dose (equivalent DIDO Nickel, (E11 > 0.18 MeV) or (E11 > 50 keV). 

Fx is a positive term which accounts for pore generation at doses > y* n.cm·2 [8]. 

(3) 

1 d){C 
where - · - is the rate of crystal dimensional changes parallel to the hexagonal axis and 

Xe dy 

1 · dX0 is the rate of crystal dimensional changes parallel to the basal planes. 
XO dy 

(4) 

Let Eq. 2 represent the dimensional changes of the unstressed control sample. The same equation 

will apply to the stressed sample with <Xx at the same dose changed to <X! by the presence of creep 
strain, a decrease being observed for tensile creep and an increase for compressive creep[3]. The 
pore generation term is sensitive to structural changes in the graphite and may well be sensitive to 
creep strain[l 1] as considered by Gray. Thus for the sample containing creep the dimensional 
changes are 
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(5) 

For doses where F x, F; are small. 

t f y ·r a! - U.rl dXT G=G+ -----·dy 
.r .r o a-a dy 

C a 

(6) 

In Eq. 6 for compressive creep strain a!>-a.r and the correction is positive (e.g., reduces the apparent 

creep strain) while for tensile creep strains a!-<a.r and the correction is negative. 

Equation 6 can be used in principle to derive the free dimensional changes of a sample with 
the properties of the sample containing creep strain from those of the unstressed control. If the 
strain in the crept sample parallel to the stress is ellX then the true creep strain is 

(7) 

for these conditions. A similar correction applies to the lateral strains in a uniaxial creep experiment 
but there is virtually no information on the changes in thermal expansion coefficients perpendicular 
to the uniaxial stress axis. 

Calculations of internal stresses in reactor components due to gradients of dimensional changes 
themselves caused by gradients of flux and temperature require the local irradiation creep rate and 
the free dimensional changes of the local graphite. However, the latter now need to be replaced by 
the dimensional changes of a free sample with the properties modified by the dilatational creep 
strains. In the presence of multi-axial stresses, and for not too large creep strains, it may be 
appropriate to write (taking the z-axis as the brick symmetry axis): 

1 _ (aa,l c (aa,) c (aa,) c a, - ex + -- e + -- e + - e 
y aec n aec yy aec u 

n yy u 

(8) 
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The experimental results on isotropic graphite used in the U.K reactors suggest 

for creep strains up to 1 %. U.S. results extending from creep strains of + 1 % to -3.5% give[12] a 
value of -18 ax( y) or - -0. 72 x 104 for ax( o) of 4 x 10-6K1 in fair agreement. For an isotropic 
graphite all six non-diagonal terms in Eq. 8 are equal and intuitively 

but only one measurement has been reported[6]. 

The use of Eq. 6 to correct dimensional changes requires a knowledge of ( dXT/dy ). This 
presents no difficulties for temperatures of irradiation below -500°C where they are independent of 
crystal perfection-the values for irradiation at 450°C are given in the Appendix. For irradiation 
temperature > 600°C ( dXidy) is different between graphites[13] and three distinct methods may be 
used to obtain it. 

(A) If the graphite dimensional changes under the appropriate conditions are sufficiently 
anisotropic then the Simmons equations may be solved in the form (parallel and perpendicular to the 
symmetry axis) 

for doses below those where Fx is significant, so 

= 

dGJ. _ dG1 

dy dy 

( :: = :j 

(9) 

(10) 
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assuming «c and «a unchanged with dose (valid for Ti, the irradiation temperature > 300°C) . . The 
results can be extrapolated to doses where Fx interferes with Eq. 9's solution. 

(B) Irradiate samples of highly oriented pyrolytic graphite heat-treated to a range of temperatures, 
say 2200-3000°C and measure the dimensional changes as a function of dose. The results, together 

! with the known thermal expansion behavior of the graphite should enable the appropriate crystal 
curves to be selected using Eq. 9 to predict the bulk graphite. This appears to work for H-451 
graphite at 900°C. 

(C) If the property changes (e.g., thermal expansion coefficient, Young's Modulus) are known as 
a function of dose at 450°C and at the required condition, then the structural changes in these 
properties are known as a unique function of XT[14]; since XT versus dose and properties versus dose 
are known for 450°C the properties at the new condition may be used to estimate XT for that 
condition. 

Model A is preferable, both of the others should be used where A is not possible (isotropic 
graphites). (See Ref. 15 for additional methods.) · 

Figure 3 shows XT values at 450°C (independent of graphite), 600°C, 900°C, 1200°c, and 
1350°C for H-451 graphite calculated by method A It is therefore possible to predict dimensional 
change rates in crept specimens under isothermal conditions (the problem is much more complex 
under varying temperature conditions) if the various coefficients in Eq. 8 are known. 

The problem is much simplified for doses< 5 x la21 n.cm·2 (E > 50 KeV) where creep strain 
corrections are small (and thus for current designs of MHTGR). 

It is concluded that the secondary stresses in reactor components should be calculated using: 

1. Dimensional changes corrected for the effects of creep strain on the rates of dimensional 
change of each element of the component. 

2. Irradiation creep rates which are proportional to stress and modified, as a function of dose 
only by the structure dependent changes in the elastic modulus. 

These effects are small for the current projected doses in the MHTGR core graphite of 
< 5 x 1Q21 n.cm·2 (E0 > 50 keV), but need to be accounted for at higher doses if they become 
desirable. The corrections can be evaluated provided the changes in thermal expansion coefficient 
are known as a function of dose and stress and the crystallite dimensional change rates are known 
to give ( dX.rfdy) as a function of temperature for that graphite. 
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APPENDIX 

VALUF.S OF (dX.Jdy) AT 450°C (DIDO EQUNALENT 1EMPERATURE) 

The following values of ( dX.Jdy) at 450°C are obtained from the work of Brocklehurst and 
Kelly. The values are given for DIDO equivalent dose and dose (E > 50 keV). 

Dose (dX.Jdy) Dose (dX.Jdy) 

Equivalent DIDO Nickel [n · cm-2](EDN) (E > 50 keV) [n · cm-2](E>50 keV) 

0 X 1D22 1.50 X 10·23 0 X 1D22 0.75 X 10-23 

0.25 2.35 0.5 1.17 

0.50 2.80 1.0 1.40 

0.45 3.0 1.3 1.50 

1.0 3.2 2.0 1.60 

1.25 , , 3.6 2.3 1.80 

1.50 -. ; , 4.0 3.0 2.0 
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