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1. Introduction 

Irradiation-induced creep in the core reflector component graphite of high 
temperature reactors is of primary importance to the core designer since it 
provides a mechanism for the relief of internal stresses arising from dif
ferential Wigner shrinkage and thermal expansion. The experimental deter
mination of the extent of this creep for conditions relevant to the reactor 
is thus imperative. 

The analysis of irradiation creep responses at constant irradiation tempera
ture T is based on eq. (1) which describes the total mechanical strain per 
unit length, €, neqlecting thermal and Wigner strains: 

e = E 0 + A £l - exp (-BT*)} + K • <T • V (1) 

i = $E— = initial elastic strain 

E = initial Young's modulus 
C~ = mechanical stress (here assumed to be constant) 
V = 0 • t = fast neutron fluence s 
0 = fast neutron flux density 
t = irradiation time 
K = steady state creep coefficient (temperature dependent) 
A,B = Constants characterizing the transient or primary creep. 

The magnitude of A is comparable to the initial elastic strain E , 

whereas the "time constant" B" 1 is of the order of 4 x 1 0 2 0 n-cm - 2 103 
(DNE). The transient creep is to a large extent recoverable during 
irradiation without load. This is not the case for the steady state 
creep strain. 

A profusion of creep data has been generated in the last two decades for a 
variety of graphite grades in the low and medium fluence range up to 6 x 1 0 2 1 

n-cm (DNE). This data is summarized to a large extent in the proceedings of 
an international conference organized by the Commission of the European 
Communities at the Joint Research Centre, Petten, The Netherlands, 
May 5 - 6 , 1976 (1/2/3). 

Figs. 1 a/1 b show the creep coefficients, K, from restrained shrinkage experi
ments performed at ECN Petten (1) for a variety of graphite grades. There 
is a clear indication of an increase of the steady state creep coefficient 
with temperature above 700°C. The spread of data, which is considerable, 
may be reduced by incorporating the inverse proportionality of the creep 
coefficient, K, to the initial Young's modulus E Q i.e. multiplying K with E Q (1). 

The results of the UKAEA (1,4) pertaining to the influence of Young's modu
lus changes during irradiation on the steady state creep coefficient K may 
be expressed by eq. (2): 

K (T>) = K* • E* = K* • S(T ) (2) 

K(T) = creep coefficient at higher fluences V 
+ 21 -2 
K = creep coefficient in the fluence region 0.5 to about 3 x 10 cm 

(EDN) (or less) 
E* = "plateau value" of Young's modulus in the low fluence region due 

to dislocation pinning 

E(T ) = actual Young's modulus at higher fluences. 

At higher fluences, after dislocation pinning has led to a rapid increase 
of Young's modulus to the "plateau value" E*, structural changes occur in 



the graphite as a consequence of progressive irradiation damage which mani
fest themselves in a further increase of E("P) and later on, after the fluence 
of maximum densification, by a rapid decrease of E ( T ) . If eq. (2) applies, 
the creep coefficient decreases from an initial value in the low fluence 
region up to the point of maximum densification and is expected to increase 
thereafter again. However, this has not been substantiated so far since con-

pi trolled creep experiments have not reached fluences in excess of 6 x 10 
cm" 2 (EDN). 

In a series of tensile and compressive creep experiments being performed in 
the HFR Petten the high fluence creep behaviour is investigated as part of the 
graphite qualification work for the core components of the OTTO-type (one 
through and jthen out) pebble bed High Temperature Reactor in the Federal 
Republic of Germany. The emphasis in this work is placed on the top and 
upper side reflector components which will be subjected to a neutron exposure 
in excess of 3 x 10 cm EDN at temperatures between 300°C and 750°C 
during the operational life of the reactor. 

Tt is also of interest of examine the assumption widely adopted for stress 
calculations concerning graphite core components that creep behaviour for 
compression is analogous to that for tension. Hitherto most creep experiments 
have been conducted using tensile specimens since a graphite is weakest in 
tension, creep strain limits are expected to be reached earlier for tension 
than for compression. On the other hand, tensile creep specimens tend to be 
more fragile, which renders the procurement of high fluence data more diffi
cult. This was an additional reason for incorporating compressive creep expe
riments into our investigations. 

Another important value to be measured is Poisson's ratio in creep since 
little information is available on this subject. 

Since the creep specimens are alligned in the irradiation rig in strings with 
14 _2 -l 

axial fast flux profiles in the range 1.6 to 2.4 x 10 cm s , some infor
mation on the possible fast flux dependence of the creep coefficient proposed 
by Veringa and Blackstone (2) could be expected in our experiments. Additional 
experiments at lower flux levels are proposed to investigate further any 
fast flux level effect. 

2. Experimental 

2.1 Graphite Material 

There were six graphite grades being considered as possible candidate material 
for the highly exposed reflector components. After the evaluation of an irra
diation screening test in the High Flux Isotope Reactor (HFIR) Oak Ridge 
two graphite grades were chosen for further consideration. One of these is 
the extruded semi-isotropic pitch coke graphite ATR-2E from the company SIGRI 
Elektrographit GmbH, which was also chosen for the present creep investiga
tions since it was the first of the candidate graphites available in produc
tion quantities. Typical property data for the second production lot of this 
graphite in the unirradiated state are shown in Table 1. 

3 
Apparent density g/cm 1.74 
Dynamic Young's modulus 
103 N/mm2 

« 8.55 
X 7.39 

Tensile strength 
N/mtti2 

« 10.79 
JL 9.03 

Coefficient of thermal fi 

expansion (20-500°C) 10"°/K 
1 4.41 
J_ 4.95 

Anisotropy factor (fed ) 1.12 

Table 1: Typical property data for the second production lot of ATR-2E 
(u ,j_ direction parallel and perpendicular to extrusion 
direction respectively) 

Later production lots were manufactured with the aim of enhancing the 3 strength by increasing the density up to 1.80 g/cm . 

To ensure the maximum amount of comparable data, all test specimens were 
taken in the direction parallel to the extrusion axis from a single block 
of the second production lot. They were chosen according to criteria which 
ensured mean value material. 



2.2 Experimental 

The irradiation device (Fig. 2) comprises of a reloadable triple channelled 
irradiation thimble providing individual control of load and temperature for 
three sample columns. In this application two sample holders operate in ten
sion at 300°C and 500°C and the third in compression at 500°C, in all cases 
with an applied stress of 5 MPa. 

Creep deformations and Wigner shrinkages of the stressed creep specimens and 
the unstressed reference specimens were measured out-of-pile in specially 
designed measuring equipment (5). Irradiation was interrupted after fluences 
of 0.5, 2.2, and 5.5 x 10 cm" 2 (DNE). Unfortunately, three tensile creep 
specimens at 300°C and 500°C were broken during rig handling and had to be 
replaced, which meant that the available higher fluence results for creep in 
tension is limited. The experiments are being continued to reach a fluence 
of about 10 x 1 0 2 1 cm" 2 (EDN) by the end of 1979. 

3. Resul ts 

The creep strains for every individual stressed sample are shown in Fig. 3 
(3a-c). They have been corrected for CTE changes and elastic modulus changes 
caused by irradiation, but not for CTE-changes due to creep strain. From 
the results of other creep programmes it is estimated that the creep strains 
detailed in Figs. 3a-c in both tensile and compressive modes would be reduced 
by less than 5 X if CTE corrections were applied. This would result in a 
reduction of the quoted creep coefficients by nearly the same percentage 
assuming that the creep-induced CTE changes are linear with creep strain. 
The precise CTE-changes of the creep specimens due to creep strain will be 
measured at the end of the programme. 

Mean steady state creep coefficients TL and K^, are derived separately for 
the second and third irradiation periods and are shown in each figure. There 
is a general tendency towards reduction in the values of the creep coefficients 
at higher fluences. This is more significant for compressive creep at 500°C 
since more data are available than for the tensile modes. In Fig. 3a the mean 
tensile creep coefficient To, at 300°C for the third (the last) irradiation 

step is based on three intact creep specimens and in Fig. 3b on only two spe
cimens (500°C). The structural factor as a function of the fast fluence would 
suggest a slower decrease of the creep coefficient than is observed (Fig. 4). 

Apart from this, a smaller creep coefficient results from compressive com
pared to tensile creep at 500°C, with special reference to TC>. The ratio of 
the compression to tensile creep coefficients is 0.77. The slighly larger 
creep coefficient (approx. 15 %) in tension and 300°C compared with that at 
500°C is not significant although in one case such a tendency has been re
ported (5). 

On the basis of the most recent data from this experiment, evidence of a 
flux level effect on the creep coefficient which was indicated from our ear
lier results (5) now proves to be statistically unsignificant on a 95 % 
confidence level. 

Values of the Poisson's ratio in creep, ,u c, have been calculated for the 
compressive samples (Fig. 5). A value of ,uc of about 0.15 is in rather 
good agreement with the elastic Poisson's ratio. It will be interesting to 
see whether Poisson's ratio in creep will increase towards 0.5 when pore 
generation in the graphite becomes predominant at high fluences. 

Transverse deformation data for the tensile samples is not considered suffi
ciently reliable. 
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Fig. 1 b: Tensile creep coefficients K for Sigri pitch coke graphites versus irradiation 
temperature (parameter: fast neutron flux) 
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Fig. 3 b: Radiation creep strain vs. fast fluence - Graphite ATR-2E II to extrusion 
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Fig. 3 a: Radiation creep strain vs. fast fluence - Graphite ATR-2E II to extrusion 



- Creep at 500°C -
The normalized steady state creep coefficient is expected to 
vary along with the structural factor S 
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Fig- 3 c: Radiation creep strain vs. fast fluence - Graphite ATR-2E II to extrusi on 



Diametral Compressive Creep Strain at 500 °C 
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Poisson's Ratio in Creep : 0.12 - 0.17 
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The measured mechanical strength of brittle materials shows considerable 
scatter due to inhomogeneities inherent in the submicroscopic and microsco
pic structure. Not only is the strength of graphite statistically distri
buted, other bulk quantities, e.g. Young's modulus and density which may be 
correlated to the strength, show also a scatter in measurement data, thus 
indicating that large scale inhomogeneities are present. 

Application of the statistical theory means essentially that a system is de-
vided into subsystems which are assumed to be statistically independent of 
each other. The probability function of the total system is the product of 
probability distributions of the subsystems, the typical size of which is 3 a cube of 4V = 1 cm for a graphite with a maximum grain size of 1 mm. 

Along with Freudenthal (1), the probability for non-occurence of fracture is 
taken as 

F- = exp (-C . A\l) (1) 

With respect to the risk C, the empirical function 

C = J ( C T / autf 

according to Weibull (2) may be employed, where O is the calculated stress, 
<7 , is the ultimate tensile stress, m is the (Weibull-) parameter of in-

homogeneity, and V is a constant with the dimension of volume. 

If, however, the stress varies in zlV the average value of stress in AV is 
to be taken thus smoothing local stress variations. 


