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Introduction

The ¡nechanical design of graphite coÍIponents
for high te¡nperature gas-cooled nuclear reactors
(HTGRs) requires neasurenents of the changes in
Youngrs modulus and tensi le strength of the struc-
tural. graphite as fimctions of neutron fluence and
irradiation ter¡¡perature. This paPer sunnarizes the
results from several hundred tensi le tests on fuel
block graphites irradiated under IITGR conditions.

Materials

Three grades of nuclear graphite were tested.
H-327 (Great Lakes Carbon Cornpany) is an extruded
needle coke graphite used for the fuel and replace-
able ref lector blocks of the 330 MW(e) Fort St. Vrain
reactor. Grades H-451 (Great Lakes Carbon Conpany)
and TS-1240 (Union Carbide Corporation) are extruded
near-isot¡opic petroleum coke-based graphites which
are candidates for future large HTGRrs. Specinens
from three different extrusion lots of H-451 were
included.

Experimental

The specimens were cylinders neasuring 6.3 nn
dianeter x 25 nmr long which wete cemented between
metal end-pieces and tested at arnbient tenPe¡ature,
using precision chains to apply the load and a
crosshead speed of 2 Vn/s. The strain was measured
with a L2.7 rw¡ gauge-length extensoneter. The spec-
imens were f irst loaded to 7 MPa, unloaded to 0.7
MPa, and reloaded to fai lure. Youngrs nodulus was
¡neasured fronr the 0.7 MPa to 7 MPa portion of the
reloading curve.

Irradiation took place j.n a series of three
fully instrr.¡¡nented, controlled tenpelcature capsules
which were irradiated in the C-3 posit ion of the Oak
Ridge Reactor. Each capsule contained ten graPhite

crucibles operating at temPeratures ranging fron 870

to 1630 K. Some specimens were transferred from
capsule to capsule to increase the neutron f luence.
Thi maxirnum fluence was 9 x 1025 n/nz (E > 29 fJ).

Results

Data for H-451 graphite are shown in Figures 1

a¡d 2. The percent increase in Youngts modulus or
tensile strength is plotted against the fast neutron
fluence, with the data grouped into three tempera-
ture regi.ons. Each point shows the mean of about

ten specirnens, and the error bars indicate plus or

¡ninus one standard deviation. Youngrs nodulus un-
dergoes an alnost iÍ¡¡nediate increase, followed by a
plateau, and then a second r ise which increases the
modulus to about three t imes i ts original value
after a fluence of 9 x Lo25 n/nz (E > 29 ff) at
1110-1250 K. The tensi le strength fol lows a sini lar
trend, but the Percent increase is lower than for

Youngts modulus, a¡nounting to about 100t at the

highest f luence.

Figures L and 2 include data for both axial and

radial órientations, nidlength-center and nidlength-

edge locations in the Parent 1og, and three differ-

eni extrusion lots. The percent increases in modulus

and strength for all specinens fall into the sane
bands, despite considerable variations in the pre-
irradiation properties: Average preirradiation
strengths ranged fron 10.8 to 18.6 MPa in the axial
direct ion and from 8.5 to 1ó.6 MPa in the radial
direct ion, depending on the lot and the location of '
the specinens in the Parent log.

TS-1240 graphite showed si¡ni1ar Property
changes to H-451 graphite. However, needle coke-
based H-327 graphite did not show the secondary in-
crease in nodulus and strength at a tenperature of
1110-1250 K evident in Figures I a¡d 2.

The stat ist ical spread in strength values is
an inportant factor in the nechanical design of
graphite structures. Irradiat ion increased the
italdard deviat ion of the strengths, but the coef-
ficient of variation (standard deviation divided by

the nean) showed no clear trend with irradiation,
with the possible excePtion of the nost highly ir-

radiated axial H-327 specimens whose coeff icient of

va¡iation apparently increased.

The irradiation-induced increase in strength
(S) can be reLated to the irradiation-induced in-
crease in Youngrs nodulus (E) thus:

L

S/So =  (E /Eo)^

The exponent, k, was evaluated for each graphite
grade and orientat ion, with the fol lowing resuLts:

H-451,  ax ia l  and rad ia l :  k  =  0 .64
TS-1240,  ax ia l  and rad ia l :  k  =  0 .48
H - 3 2 7 ,  a x i a l :  k = 0 . 6 7
H - 3 2 7 ,  r a d i a l :  k = 0 . 4 0

Discussi_on

The trend in Youngrs ¡nodulus as a function of

neutron f luence is sini lar to the reported increase
in sonic modulus,( lJ except that the init ial  in-
crease in Youngrs modulus found in the present work

was higher. This probably results from the fact

that the sonic modulus of unirradiated graphite is

typical ly 20% higher than the stat ic Youngrs
¡nóáulus, whereas the two dete¡rninations would be

expected to agree after irradiation because of the

rernoval of anelasti .c effects. The init ial  r ise to

a plateau may be attr ibuted to pinning of basal

di l locations by point defect clusters, which in-

creases the effective C44 shear modulus of individ-

ual crystal l i tes. The second r ise nay be explained

by the progressive tightening of the structure as

¡nicrocrácks close and intercrystal l ine restraints

increase.

The i¡radiation-induced strength inc¡ease was

roughly proportional to the square root of the in-

creáse in Yóungts nodulus, as would be expected from

the Griffiths fracture model if neither the surface

energy nor the c¡i t ical f law size is inf luenced by

irraáiat ion. The sane relat ionship has been-ob-

served after low tetperat,.rre igradiations,(2) 
"¡"""-

as work at highe! temperatures(5) ¡¿t suggested a

linear relationship between strength and sonic

?.4¿



aodulus. The apparent discrepancy is again largely
attr ibutable to the dif ference between sonic and
stat ic deterrninations of Young?s nodulus in unir-
radiated graphites.
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Figure 1. Change in Youngts lifodulus of H-451
Graphite as a Function of Fast
Neutron Fluence
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Change in Tensi le Sttength of H-451
Graphite as a Function of Fast
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