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Results of the neutron irradiation tests of near—isotropic graphites
(SM1-24 and IG-11) for HIGR with HFR in Petten through KFA Jilich are
described, together with those of the preirradiation tests which were
performed in JAERI and KFA,

Irradiations were made to a maximum of about 2.5 x 10 1n/cmz(EDN)
at temperatures from 1050°C to 1150°C. Measured were dimensional
change, Young's modulus, thermal expansion coefficient up to 1000°C,

2

apparent density, electrical resistivity at room temperature, open
porosity, thermal conductivity, and electrical resistivity between 100
to about 1000°C, and ring compressive strength (for IG-11).

1) Dimensional change of IG-11 by high temperature irradiation was
similar to that of 7477PT graphite irradiated in JMIR under same
condition as HFR. Dimensional change of SM1-24 was the same as those
obtained in JAFRI and other institutes.

2} Increase in the Young's modulus was about 30 %-40 % for both
graphites.

3) Thermal expansivity of IG-11 graphite was not much changed by
irradiation.

4) The increase im apparent density was about 2 % in IG-11 and about
3 % in SM1-24.

5) The decrease in thermal conductivity by irradiation at 1100°C was
not as large as expected, especially in SM1-24,

6) The increases in strength were about 15 % for the large and about
30 % for the small ring specimens. '

- Keywords: Graphite, Neutron Irradiation, Dimensional change, Young's
Modulus, Apparent Density, Thermal Conductivity, Thermal Expansivity,
Electrical Resistivity, Ring Compressive Strength, Open Porosity,
Radiation Effects

*S. Nomura, J. Shimokawa, Y. Sasaki, T. Oku, H. Imai, Ht Matsuo, M. Etb,
Y. Fukuda, K. Fujisaki



JAERI - M 8068

SM1 - 24-&1G - 11EH DY IR M aH & 10
FiZdTHFR i B 2k FRHOLE .

B&RET IR AR BB TER

(1379€1H8ugmM)

Z 04z, KFA Jiiltch BIERMZELTE 5 V4R FYIEHZ3HFREBOT 2BHOE
TR (SM1-24 LIG- 11 BEDORHABREZT - tHEREBHANEZROER L EbICT L
HicbDTHB, N

BAREEZ25 X100/ cm® (EDN) ThH 0, MHEHREM 1050 ~1150°CT&H~2a SM
| 1 - 24 B EIG- 11 BENICHUT, THER, ¥ ¥/ EOEL, 1000C £ TORBERK,
B EE, ZESTIEN, BRSILE, 100~ 1000C oMOoERER LBALERL LT V77
E FREEs (IG- 11 RHA0OD) AlES L, |
| Bontb bR, KOLEDTH-10
1) IG-11E#OTEEMIIHIR L EHORBHEHICDWTE S AL ATTPTRBORR L AR

EThHooo SM1 - 24 BENIOVTH, JAERIZOB TR OWIRR & —HT 5 - &hihh

=726 ' '

2) PrrEOEMIMERICH>NTHIN-0FTH- 10,

3 IG-11 B OBMBREMIBHICL > TRESEMLED » 1

4) R #EEIRIG-11ERTIRM2%, SM1 - 24 BTHM3IBHM L7,
5) MZHBOREALIISMI - 24 BEMOBEECICTHINIBEREL LI 10,
6) BMEOEMIEIAEL) Yo TIRIB%, NV 7 THEHIB L7,

FH ORE, TN s—, ok, B EE, 4% A, KR FA HE 5
WE RE, BE Bx |



JAERI-M 8068

Contents
1. INtroduction .ueecisseere it s e
2. Experimental .aucesinmineisieen
2.1 Materials and Specimen preparation .aeesse
2.2 Irradiation Facility .
2.3 Irradiation Conditions
2.4 Methods of Measurement e eeeceeerem s e s

2.4.1 Determination of Linear Dimensions
2.4.2 Detérmination of Apparent Densify ueveremsrsrieunina
2 4.3 Determination of Dynamic Young's Modulus.

2  2.4.4 Determination of Thermal Conductivity
2.4.5 Determination of Strength

i 3. Preirradiation Characterization e ke ke man e s Ar v en i e

4. Results of post-irradiation examinations

4,1 Irradiation Induced Changes in length, Density, Electrical
Resistivity (room temp.)}, Dynamic Young's Modulus, Thermal
Expansion and Open POYOSILEY  eerisrveuncnsoarsnasss e tesass snsesesninasarensnes

4.2 Irradiation Induced Changes in Thermal Conductivity and

W o e o b B B

e i < =
G~ W o

o

5.

Electrical Resistivity (100-1000 °C)

4.3

4.3.1 Optimization of the tensile specimens
4.3.2 Evaluation of the tensile tests
4.3.3 Ring compressive tests.......

4.3.4 Evaluation of the ring compressive tests ...

4.3.5 Measured values

4.3.6 Statistiéally estimated values

4.3.7 Comparison of the results from the tensile and ring -

compressive tests ...

Summary

% 4s wa se wumd WY

Irradiation Induced Changes in Strength

A% RS Sw wa kE BE AT 3T oUW kA PR SE IS

2a 4% w3 wv B ww e R A4S

15
15
16
17
17
17
19
19

19
21 -



JAERI-M 8068

H 179

ST 2 o PN 1
R =S - LU O PO PP 4
21 B R TFERBR e vereen s s s b e 4
2.0 JBEFEEB . ooeevreoeeeerre oo e e e e 5
‘ I <0 2 S PP 6
D 4 JTE FF B e vttt e s s s e s e 8
241 S Hheeeeeesrenieen R, S RS 8
242 BEHMFEE o S P 9
PR I o T T S S P T RPRI 10
D 4 4 B e e eeee e 12
D45 M Eeeeeerersmersenmieeeeecin e e 13
3 BREBFATARMEveevreirrrernim e N 14
4 FEERBBEE. e e e e e e 15

41 RECK DT, HE, EXa% (B8 , #nvrrorE
B R TR Y (R BB FLEE DZE L vevrrrerrerreesnernrinnn e ten s s e e e cbae e e e aebasae s 15
42 BEHCLZREUERVESEEE (100 ~ 10000C)DE - wreee e 15
4 3 ﬁg%;;;k%gﬁggg{t ............. TSRSV PP PSPPI 15
' 4.3 1 BEHBIERERE LR oo rereersrretrniterininee s e e, 16
4.3.2 BIIBERER DIP(Mirerrererrerrrrerernsrsrnessinetimi s e e e ae e s e e s e ae s e e nreaern s 17
A8 83 U VR EREE - oo vrrerrrrarr e e e e ne e ea b e 17
i 4.3 4 W VIERREONEME DY e e e 17
i 4.3.5 fl] TE ffrereerrrrenrreranaereeetiteine et e s ra e e e s aaeae et 19
| 436 HEEHHIHETE B - vorrvrereerer e e s 19
437 BIEZBRE) VI ERREOREEDHE oo 19
S 2 e 21

v

-~ =



JAERI-M 8068

1. Introduction

In the period between the fall of 1977 and the summer of 1978,
high-temperature irradiation and post-irradiation examinations of two
kinds of nuclear graphites were performed for the Japan Atomic Energy
Research Institute (JAERI) under the contract between KFA Julich and
JAERI. The agreement was signed by the representatives of both
institutions on lst of April 1977. This programme was named Graphite
Irradiation Experiment HFR-GGl4. Tn this programme, neutron irradia-
tion was performed in the HFR Petten and pre- and post-irradiation
examinations were carried out in KFA Jilich. The purpose of this
report is to compile the pre-irradiation report and the final report
published by KFA Jiilich for the effective use of the obtained data
in the JAERI's VHTR* project and to add the specimen preparation
details and some pre-irradiation data to be described by JAERI.

For this reason, discussion of the results will be limited to the
necessary minimum. Detailed discussion of the results of the post-
irradiation examinations, including the comparison of the data with

those which have been obtained in JAERT, will be presented by the
specialists concerned with each item of the post-irradiation measurements.

The purpose of this graphite irradiation was to obtain some
fundamental data for the design and safty analysis of the VHIR and
to ensure the effective use of the results of graphite irradiations
which have been obtained both in Japan and abroad. Another aspect of
this experiment was that we were able to exchange information on the
graphite researches, and irradiation and post-irradiation techniques
in Japan, KFA Julich, EURATOM Petten and ECN Petten.

The personnel contributed to this experiment and report are as

follows.

*# The Experimental Very High Temperature Gas—Cooled Reactor

_..1_
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2. Experimental

2.1 Materials and Specimen preparatidn

The graphites used in the experiment were SM1-24 from AGL Corpora-
tion and IG-11 from Toyo Tanso Co. Ltd., both of which have been well-
known in the institute. A block of IG-11 graphite 100 x 600 X 1000 mm in
size was purified using halogen gas in Nippon Carbon Co. Ltd. The
specimens for the irradiation were machined from this purified block.
Fig. 1 shows the location of different kinds of specimens cut out from
one half of the above block. Cylindrical specimens 20 mm in diameter
and 150 mm in length were machined from the portion designated as TEN
in Fig. 1. 60 specimens were specified as TEN-TI, TEN-T2,....., and
TEN-T60, whose locations within the TEN block are shown in Fig. 2.
From the portion R in Fig. 1 two kinds of ring compression specimens
were cut out. Enlargement of the portion R is shown in Fig. 3.

The larger ring specimens (20/10) mm¢ X 10 mmfand the smaller ones
(10/5) mm¢ X 5 mmR,were machined in the manner.shown in the right-
hand side of Fig. 4. From the blocks F and G shown in Fig. 3, 54
larger ring specimens and 108 smaller ring specimens were cut out.

In the figure specimen designations were shown for the block E.

From the blocks A, B, C, D and E 30 larger rings and 60 smaller rings
were cut out. In Fig. 5 specimen designations were shown in the case
of block A.

In Figs. 6 and 7, the locations of cut-out specimens are shown
for the lonmgitudinal direction. The manner of machining the
transverse specimens are shown also in Figs. & and 9. 1In Fig.1l0 the
locations of SM1-24 graphite specimens in a block are shown, where
Types A, B and C specimens are those of 5 mm¢ x 20 mmi, 6 mmd X 25 mmf,
5 mm¢ > 50 mm&, respectively. Tables 1 and 2 show the number and
designations of the specimens made from SM1-24 and IG-11 graphites,
respectively. The specimens made from the TEN blecks in Fig. 2 are
listed in Table 3. Fig. 11 shows the dimensions of the specimens
made in JAERI for pre-irradiation characterization of IG-11 graphite.

Specimens which were sent to KFA Jilich from JAERI are summarized
in Table 4. These specimens were selected using a random number
table from those whoée Young's modulus and apparent density were

within *2¢ (IG-11) and whose apparent demsity was within *c (SM1-24},
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where 0 1s the standard deviation. Allof the specimens 6 mm in
diameter and 25 mm in length, and 6 mm¢ * 32 mmf are listed in Appendix

Al with the data obtained in JAERI.

2.2 Irradiation Facility

(1) The HFR -~ Petten

The High Flux reactor (HFR) at the Energy Research Center was
used for the irradiation. This reactor is a material testing reactor
which contains water as coolant and moderator. The nominal operating
power is 45 MW. The core lattice is a 9 X 9 array containing 31 fuel
assemblies, 6 control members, 14 experiment positions and 30 beryllium
reflector elements shown in Fig. 12. Adjacent to the reactor pool
there are two smaller pools for storage and handling purpose. There
is a hot cell for the dismantling of irradiated capsules on the top
of one of these two pools.

The normal operating period is 24-26 days followed by a 2-3 days
shut down period for changing fuel elements and experiments. Two
extended shut down periods at the beginning of the year and during

the summer interrupt the reactor operation during each year.

(2) Irradiation Device
(A Capsulé .
The experiment will be performed in a TRIO 129 type capsule.
The main characteristics of this capsule are the following:
- Reloadable facility for different reactor positions

Standard thimble for wvarious irradiations to be used with

special sample carriers

- Thimble consisting of 3 different legs, which can be used
independently (Fig. 13)

- Incorporated vertical displacement unit, which aligns the

experiment with the neutron flux and nuclear heating curves.

(B) Sample Holder
The sample holder is composed of two parts:
- the upper {(non active) part to be used as a standard part
for several irradiations, including the thermocouples
compensation and extension cables, an additional shielding

plug and the vertical displacement unit.



JAERI-M 80&8

- the lower (active) paft including the drum, the centering
device, the thermocouples and the shielding plug-

This lower part of the sample holder cénsists of 1 drum of 28 mm¢
and 400 mm length and is made of nioblim (Fig. 14). The standard
samples (6 mm¢) are located in the upper part of the carrier in 8
vertical holes. Due to the large size of the ring-samples, it was
only possible to insert them at the lower end of the sample-carrier;
so as to achieve a good centering of the sample-carrier and facilitate
the loading procedure. The temperatures of the sample holder are
measured and controlled by 6 W/WRe and 6 Ni/CrNi thermocouples all
with Nb sheaths. The measuring points are partly'near the surface of
the carrier and partly near the centre. The temperature regulation
will be made by changing a He/Ne gas mixture in the gap between
carrier and thimble, and by vertical displacement of the sample
carrier according to the variation of the nuclear heating curve.

Loading of specimens in the capsule is shown in Fig. 15, according
to specimen number. Characterization programme together with the
specimen direction is shown in Fig. 16, where characterization
programme number 1, 2 or 3 means:

1 : Dimensional change, Dynamic medulus at RT,
Thermal expansion between RT and 1000 °C
Density, Electrical resistivity at RT
2 : Dimensional change, Dynamic modulus at RT,
Density, Electrical resistivity at RT
3 : Electrical resistivity and thermal conductivity between RT and

1000 °cC.

2.3 Irradiation Conditions

(1) Course of the experiment

The irradiation was carried out between November 3, 1977 and
March 6, 1978 which corresponds to an irradiation period of 101 full
power days, referring to a reactor ﬁerformance of 45 MW. A survey of
the sequence of the irradiation cycles is given in Fig. 17 and détails
are given in Table 5. No special disruptions were experienced during
the irradiation.

After being characterized in the Institute of Reactor Materials
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(IRW) of the KFA, the irradiation specimens were sent to Euratom,
Petten, where they were included in the irradiation device in
accordance with the loading plan. At the end of the experiment the
device was disassembled by Furatom and the specimens transported to
Jilich. Although all specimens were received, the following three
were broken

Ring specimen no. 10 (10/5 mm¢)

Cylindrical specimens nos. 54 and 87 (6 mm$ X 25 mm)

(2) Temperatures

Temperatures in the experiment were measured using 1 W/WRe and
11 Ni/CrNi thermocouplés. The measuring leads were arranged such that
the temperatures in the direct environment of the specimens could be
determined. The radial distribution of the thermocouples in the top
and bottom parts of the sample holder are shown in Fig. 18 along
with the temperature correction values which had to be used for the
thermocouple readouts.

Thermocouple no. 1 (W/WRh) was only partly considered in the
evaluation since the irradiation-induced drift of the electromotive
force leads to incorrect measured values. Thermocouple 3 failed after
23 days. It must also be stated that thermocouple no. 8 registered
values which could not be interpreted unambiguously. This thermo-
couple was also only partly considered during the evaluation. The
remaining 9 measuring leads showed relatively constant values. The
variations in the thermocouple registrations with time are enclosed
in Appendix A II.

The axial temperature distributions for the periphery and
central samples were determined from the measured values (see Figs. 19
and 20). It is noticeable here that the temperature at the ends of
the sample holder, which was lower than specified, increased
(approx. 20 °C) during the course of the experiment and thus because
compatible with the specifications. The maximum and minimum irra-
diation temperatures, which were obtained from the cumulative curves
in Figs. 21 and 22, are included in Figs. 19 and 20. The folloﬁing
specifications were applied here

Minimum temperature - temperature which was not fallen below

for 95 % of the irradiation time
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Mean temperatutre - mean value (50 % wvalue) from the cumulative
curve
Maximum temperature — temperature which was not exceeded for 95 %
of the irradiation time.
The individual values are compiled in Table 6. The variation in
the thermocouple temperatures during the irradiation is shown in

Appendix A II.

(3) Dosimetry

Due to the high irradiation temperature, no fluence measuring
probe could be included in the capsule. Monitor wires were therefore
placed in the filler pieces of the TRIO sample holder (i.e. outside
the irradiation capsule) and were evaluated after the irradiation
(see Table 7). Using computer programming the fast fluence in the
centré of the capsule was determined from the monitor values. The
results are shown in Fig. 23. According to Euratom, in order to obtain
fluence values for the energy range E > 0.1 MeV, the END-values for
the irradiation positions ES and E3 must be multiplied by a factor

of 1.54.

2.4 Methods of Measurement

2.4.1 Determination of Linear Dimensions

i

(1) The vertical length measuring device

The vertical length measuring device from the LEITZ company was
used to determine the initial sample lengths (see Fig. 24)., After the
test specimen is laid on the instrument table, a probe is brought
into contact force of 0.6 N. The vertical length is measured
electrically, registered digitally and stored in a data system. The
movement of the probe is electrically triggered so that no hand heat
is transfered to the specimen. As an extra safeguard, the instrument
is in a temperature-stabilized environment. The limit of the measure-
ment error for the instrument is 0.5 um, so that the accuracy of the
dimension measﬁrement is mainly determined by the precision of the

mechanical finishing.

(2). The medsuring microscope
A schematic diagram of the Universal measuring microscope

(UwM I1I)from the LEITZ company used to determine the inside diameter
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of the ring specimens is shown in Fig. 25. The microscope has a
measuring table which can be used to determine léngths and angles.
For the X- and Y- 'directions a precision cut glass piece, whose
reference lines are projected onto a ground glass plate, is used as
reference. A resolution of 1 um can be achieved here. The measuring
ranges is 150 mm in the X-direction and 75 mm in the Y-direction.

The object can be viewed through the binocular measuring tube
which incorporates a projection device allowing photographic documen-

tation of the object.

2.4.2 Determination of Apparent Density

The ratio of the mass of a body to its geometrical volume is
defined there as the apparent density. However for ring specimens
the exact determination of the volume from the linear dimensions is
not possible and thus the density is determined using the buoyancy
method. According to elementary physits, the density of a body can

be calculated by the formula

where m is the mass of the sample and B the buoyancy which the sample
experienceé in a liquid with specific weight wliq' It is equal to
the difference between the weight of the sample in air and in the
liquid neglecting the buoyancy in air. In the case of samples with
measurable porosi;y however, the liquid penetrates the pores during
the measurement and the sample weight in the liquid increases as the
volume of the displaced liquid decreases. Thus for the determination
of the apparent density the "outer" volume of displacing body must
also be know. To this end the sample is previously impregnated with
the same liquid (namely xylene) as used to determine the displacement.
The samples must first or all be evacuated for two hours at a pressure
of 10“'2 torr before being exposed to the similarly outgassed xylene
which then flows into the pores. During the ventilation of the
apparatus the liquid is forced still deeper into the pores by the

outside pressure., After about an hour as the temperature of the
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sample approaches that of the environment, the sample weight in the
liquid can be measured. Since xylene evaporates easily at atmosphere
pressure and room temperature, the body, which has been freed of
surface liquid, is put into a container filled with xylene which has
been previously weighed. The container head is opened here for approx. .
10s. From numerous previous investigations it is known how much liquid
evaporates in this time in the temperature controlled laboratory.

The volume V of the displaced liquid for the outer volume of the

sample is used to calculate the buoyancy

B = V¥,
The accuracy of the weight determination is 1 pN. The temperature of
the liquid is measured to within 0.1 degrees-so that the specific

weight can be read from tables with sufficient accuracy.

Y1iq
2.4.3 Determination of Dynamic Young's Modulus

If a periodically changing force is applied to the axis of a
body of small cross-section and appreciable length, the speed of

propagation C. of the longitudinal wave can be described by the equatiomn

1

(1)

Where ES is the elasticity modulus for the strain and d the density of
the sample material. For a sample whose thickness is not small
compared to its length, the lateral contraction induces an increase in
the'speed of proﬁagation for the longitudinal waves (1). In the

extreme case of a boundless sclid body

where

2 1-u

(1+w) (1-w

- 10—~
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For transversal excitation the following applies for the propagation

velocity

independent of the lateral contraction. Here G is the shearing or
torsion modulus. The strain modulus and torsion modulus are con-

nected by the poisso's ratio MU:
E = 214G | | (2)

Since Poisson's ratiois normally unknown, one normally determines
the strain modulus ES according to equation (1) by measuring the
velocity of sound in samples whose diametérs'are small in relation
to their length. The measurements are carried out using an auto-
matically functioning apparatus connected to a data system.(Fig. 26)
A synthesizer produces an alternating voltage whose frequency can be
continuously varied between 500 Hz and 200 kHz. This alternating
voltage triggers a electromechanical oscillator which transmité the
osciilations through direct contact with the sample. Longitudinal as
well as transverse oscillations are produced in the sample. At the
other end of the sample the oscillations are taken up by the pickup
VP, again through direct contact, being measured using a digital
voltmeter. For a body whose cross-section is small compared to its
length ¢ and which is movably fixed at both ends, standing waves are

produced when the condition
A
Lo=n—o (3)

is fulfilled. X is the wave length in the sample and n = 1, 2, 3...
the degree of the oscillation. The following relationship applies
between the wave length A, the strain frequency fs'and the propagation
velocity Cl:

C,=f " A (4)

From the equations (1), (3) and (4) the equation for the determination
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of the elasticity modulus can be deduced
4?5 24
5

s - 2
n

2.4.4 Determination of Thermal Conductivity

Thermal conductivity measurements were carried out by applying a
modified KCHLRAUSCH method?

Figure 27 is a schematic diagram of the setup used. It shows a
water-cooled copper tube with a block coating on the vacuum side.

The tube contains the cylindrical graphite specimen held between spring-
loaded upper and lower electrodes and centered in position by a
multijunction thermocouple with ceramic insulation that protrudes from
the lower electrode. .

Special design of the thermocouple permitted {(after filling the
copper tube with helium (~300 torr) measurement of the temperature TO
at the centre of the specimen (point 0 in figure 27) as well as of the
temperature differences ATO1 and ATO2 between the centre of the
specimen and points 1 and 2 a fixed distance § away from the centre.

The current flowing through this arrangement and the simultaneous
operation of two additional heaters at the electrode tips may generate
greatly differing temperature profiles. However, only profiles which
are symmetric with respect to the centre of the specimen and with small
or disappearing temperature decrease along the test sectiomns 0-1 and
0-2, are of interest for thermal conductivity measurement. For such
measurements to be carried out at a given temperature T, the current
1 flowing through the specimen and the current through the two
additional heaters were manually adjusted so as to give

T=T AT.. = AT., = AT = 5 K

0 %ol 02

Then the current 1 was reduced and the currents in the additional

heaters were simultaneously increased to achieve the state

T=T, ATyy = ATy, = 0 )

* 1. Binkele : High Temperatures-High Pressures, 1972, vol.4, 401-409

- 12 -
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characterized by specimen current I It is in this state that the

o'
resistivity R (& cm) was determined in the central zone of the specimen
by a rapid measurement of potential difference. The results were used

to compute the thermal conductivity from the relationship

W2rer? - 102)
AT = (1 +¢), (6)
2F AT

where F is the cross-section area of the specimen, and € is a correc-
tion term which in the first approximation can be taken to be equal to
zero. To obtain the value of € further measurements according to
equation (5) are required at slightly different temperatures. These
measurements are used to derive the differential coefficiént d(RIOZ)/dT

and then to calculate € from the expression

22 d(RIOZ)
£z (7)
12FA' dT

where A' ist the thermal conductivity computed from equation (6) with

e = 0.

2.4.5 Determination of Strength

The tensile strength measurements were carried out using testing
equipment DIN 51221, class 1, with a transversal pulling rate of
0.1 mm/min. The strain measuring chain consisted of
- an extensometer, LE = 40 mm, with a double-sided inductive measur-
ing system, class 1 (HBM D32} allowing electrical mean value
calculation
- a TF-amplifier class 0.2 (HBM KED/33-5)
The calibration of the measuring chain was achieved with exten-
someter calibration equipment.
The tensile force and sample extension were continuously
registered to breaking point on a X-Y recorder.
The loading system for the tensile samples consisted of a ball

pivot chain with three ball joints above the sample and two below.
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3. Preirradiation Characterization

Results of the measurements carried out prior to the irradiation
are shown in Tables 8-14. In these tables data are shown on all the
cylindrical specimens that were sent to ¥FA Julich from JAERI. However
for the ring compression specimens, data are summerized only for the
specimens for irradiation (Table 11). Strength of unirradiated speci-
mens will be shown in Section 4 together with that of the irradiated.
With regard to Table 11 it should be noted that :

- by the determination of the outside diameters with the vertical
length measuring instrument, the mean value was formed from two
measurements which were carried out at 90 °C to each other.’

- by the determination of the inside diameters with the Universal
measuring microscope, two measurements were carried out for both
the top and bottom of the specimen (perpendicular to each other)
and the mean value for all four measured values was calculated.

- by the determination of the lengths with the vertical length
instrument, four measurements (again perpendicular to each other)

were carried out and a mean value calculated.
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4, Results of post—irradiation examinations

4.1 Irradiation Induced Changes in Length, Density, Electrical
Resistivity (rocom temp.), Dynamic Young's Modulus, Thermal
Expansion and Open Porosity

The irradiation induced changes in the above-mentioned properties
for the graphite grades IG-11 and SM1-24 are documented together with
the pre-irradiation properfy values in Tables 15-22. The changes in
length and Young's modulus have additionally been plotted in Figs. 28-
31. However no attempt has been made here to define shrinkage or

Young's modulus change curves.

4.2 Irradiation Induced Changes in Thermal Conductivity and Electrical
Resistivity (100-1000 °C)

Four SM1-24 and six IG-11 thermal conductivity specimens were
selected for the irradiation. The dependence of the thermal coenduc-
tivity and specific electrical resistivity of.these specimens with
temperature before and after the irradia;ion was measured and the
results are compiled in Tables 23 and 24. The curves for the individual
specimens are shown in Figs. 32-37. The fall in thermal conductivity
caused by the irradiation, especially in the case of SMI-24 is not as
great as expected for 1100 °C.. For the presentation in Fig. 38 the
thermal conductivity of the IG-11 and SM1-24 specimens at the irradia-
tion temperature was obtained by extrapolation of the curveé in
Figs. 32-37 and compared with the curves calculated for 1100 °C
according to the BINKELE method /1,2/.

4.3 Irradiation Induced Changes in Strength

In this section dealing with the strength results the following .

symbols are used

Fﬁ(N) = breaking load

Lt(mm) = total extension or total contraction; see Fig. 40
So{mm™) = initial cross-section of the tensile specimens
Rm(N/mmz) = tensile strength

/1/ 1. Binkele, KFA-report Jul-1096, August 1974

/2/ 1. Binkele, Journal of Non-equilibrium Thermodynamics, 3(4) {(1978)
in print.
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initial measuring length of the extensometer

-
g
fi

= total breaking strain
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=
—
5
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Young's modulus (slope of the secant from the curve

origin to breaking point for the tensile specimens)
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Z
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failure stress for the ring specimens

Fl
/-\
=
~
B
\.J
1]

Young's modulus for the rings

Kv = constant

W = Poisson's ratio

b = ring width

D = outside diameter of the ring

D = inside diameter of the ring

K = constant

X = mean value for random sample selection
s - Standard deviation of a random sample
M = mean value for the population

a = S$tandard deviation for the population
0 = index for unirradiated meterial
+

= index for irradiated material

4.3.1 Optimization of the tensile specimens

Preliminary tests were conducted to optimize the sample shape
and connections. Since the number of JAERI raw sample was limited
(thirty), these 1nvest1gat10ns were conducted using the German graphite
grade EK 88 which has similar properties to IG-1l. The transition
radius, the shape of the sample head and connection possibilities were
all varied and the final chosen specimen form is shown in Fig. 39.
It has an elastic stress concentration factor at the transition
radius according to /Ll/ of approx. 1.0l and a thread head. The direct
confirmation for the successful optimization can be seen from the
breaking point distribution (see Fig. 39) obtained for the thirty
1G-11 samples. The sample breakage points are seemingly uniformly
distributed over the test lemgth. With the exception of one sample

which broke at the contact point for the extensometer knife edge.’

/i/ R.E. Peterson, Stress Concentration Design Factors, John Wiley
€ Sons, Second Edition (1959)
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4,3.2 TEvaluation of the tensile tests

The load extension diagrams for the tensile tests were evaluated
according to the total extension Lt and maximum load Fm at breaking
point. The tensile strength was calculated from the mean initial cross
section S0 and Fm. The total breaking strain was determined from the
initial measuring length of the extensometer LE and ALt. Using So’ Fm
and Et’ the Young's modulus (ES) of the samples was determined for the

secant between origin and breaking point.

4.3.3 Ring compressive tests

The ring compressive tests were carried out using the same equip-
ment as for the tensile measurements. The traverse speed was 0.1 mm/min.
The rings were pressed between plane lapped steel plates and the
compressive strains of the rings were measured as distance changes for
the compressive plates between diametrically opposite positions.

Two extensometers, class 0.1 (HBMDDI), and a TF-amplifier (HEM
KWS/3 S-5) were used here and the two extensometers were switched in
parallel to obtain a mean value. The calibration of the compressive
strain measuring chain was achieved with the end measures. The compres-—
sive load and compressive strain of the samples were continuously
registered on the X-Y recorder of the testing machine until breaking
point. Crack formation toock place only in one of the two most highly
stressed ring regions, either at the top or the bottom. The testing
machine was set up so that the sample was immediately unloaded with
the same traverse speed after a drop in load.

The irradiated specimens were tested with the middle of the
engraving at an angle of less than 45° to the loading direction. No

sample breakage occured at the engraving zone.

4.3.4 Evaluation of the ring compressive tests

The method, of diagram evaluation can be explained using the
example of the load-compressive strain diagram shown in Fig. 40,

The characteristic initial curvature of the load curve is typical
for ring compressive specimens and can also to a certaih extent be
obtained for aluminium samples. The slope of the initial curvature

which is not consistent with the main curvature can be explained by the
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superimposed HERTZ compression. One finds, in fact, flattening at the
loading positions caused by permanent shape changes for both graphite
and aluminium samples even when a sample is loaded to only a fraction

of its breaking load. The permanent changes cannot be predicted by the
HERTZ equation. There are empirical solutions according to /1/ but

they are only applicable for hardened steel with hardness values between
800 and 850 HV. The neglect of the initial curvature, however, seemé

to be justified when one consideres that the whole equations for bend-
ing are strictly only applicable for jinear-elastic material behaviour.
The Young's modulus ER_was calculated from Fm and ALt using the drawn

in auxiliary straight line according to the equation described in /2/:

F

- m
ER Kv (1 + fl(v)] —EETE—

The constant KV [1+ fl(v)] in this equation was determined using the
details in /1/. Poisson's ratio for graphite was taken as approx. 0.1.°
The maximum tensile stress at the breaking point for the pressed rings

was determined using the FROCHT equation /3/:

K
Fm 4

S =
R (DA_DI) b

The constant K4 was also taken according to Borth and Lund. K4 for

DI/DAz 0.5 was taken as 6 for the evaluation conducted here.

/1/ A. Palmgren : "Grundlagen der Wﬁlzlagertechnik", edition 3 (1964)
Publisher Franck, Stuttgart

/2/ A.J. Durelli, L. Ferrer, Journal of Materials Research and
standards Dec. 1963, p.988-991

/3/ S$.A. Borth, H.H., Lund, Proc. of Fourth Carbon Conference,
Pergamon Press (1960) p.531-536

* Measurements in JAERI showed that the ratioc was 0-15 for IG-11
graphite.
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4.3.5 Measured values

The results of the strength measurements are detailed in tables
25-29. To allow distinction between the different characteristic

‘o 4y aa. © +
quantities the indices and has been used here

e.g. E® Young's modulus of unirradiated samples

E+

I

Young's modulus of irradiated samples

4.3.6 Statistically estimated wvalues

The following is assumed for the calculation of the statistically
estimated values discussed in section 4.3.7:
- normal distribution of the population
- identity of the direction of maximum tensile stresses relative to
the preferred grain orientation for all ring specimens alone and
for the ring and tensile specimens togetﬂer
- negligible influences of the irradiation dose and temperature on
the strength results
Table 30 summerizes the data on mechanical properties of IG-11
obtained in JAERI. The specimens which gave us these data were

machined in the manner shown in Table 3.

4,3.7 Comparison of the results from the tensile and ring-compressive tests

A clear difference can in principle be expected between the mean
values of the randomly selected unirradiated samples RIll and.SR since,
besides the different breaking risks dependent on volume, the calcu-
lation of bending strengths assumes linear elastic material behaviour
up to the breaking'peint. The ratio of bending strength to maximum
tensile strength lies in the region 1.2-1.9 depending on the material,
method and sample size.

From the Tables 31 and 32 as well as Fig. 41 it can be seen that
Rm0< SRo and SRzo < SR:O. The differences are significant.

In the literature there is no suggestions that different sample

sizes lead to different wvalues for S °. A certain plausibility can

R "
however be obtained through examination of the results from the usual
bending strength measurements on stretched bending samples made of

graphite. The values for the ring strength of irradiated samples also

+ +
show a slight tendency for SR < SR . However a decision as to its
20 10
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significance cannot be made because of the superimposing effect of the

different irradiation temperatures.
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5.  Summary

High temperature irradiation of SMI-24 and IG-11 graphites was
performed in the HFR, Petten. The maximum fluence was about 2.5 X 1021
n/cm2 (EDN) [~3.9 x 1021 n/cm2 (E > 0.1 MeV)] and the irradiation
temperature ranged from 1050 to 1150 °C. Changes in dimensions and
Young's modulus, thermal expansivity up to about 1000 °C, apparent
density, electrical resistivity at room temperature, and open porosity
were measured for 28 specimens of IG-11 graphite. All the properties
above except thermal expansivity were measured for 17 specimens* of
SM1-24 graphite and 17 specimens* of IG-11 graphite. Thermal conduc—
tivity and electrical resistivity between 100 and about 1000 °C were
measured for 2 SM1-24 graphite specimens and 4 1G-11 graphite specimens.

Ring compression tests of irradiated ring specimens were carried
out for 10 specimens of (20¢ - 10¢) x 10 mm and 18 specimens* of
10% - 5% x 5 m.

Relative length changes of IG-11 graphite specimens caused by the
high-temperature irradiation were comparable with those of 7477PT
graphite which have been measured in JAERI for irradiation temperature
and fluence similar to the HFR irradiation. As to SM1-24 graphite the
obtained data, as a whole, seemed to coincide with those obtained in
JAERI and other institutions.

Increase in the modulus was about 30-40 % for both graphites and
no definite effect of specimen direction was observed for the present
irradiation conditions.

Thermal expansivity of IG-11 graphite was not pronouncedly changed
by the irradiation. Apparent density increased about 2 Z for IG-11
graphite and about ﬁ % for SM1-24 graphite, which corresponds to the
fact that the open porosity decreased 8-10 % for IG-11 and 12-14 % for
SMl-24. Resistivity increase was pronounced, i.e. about 140 % for
IG-11 and 160 # for SM1-24, The decrease in thermal conductivity
caused by irradiation especially in the case of SM1-24 is not as great
as expected for .the irradiation temperature of 1100 °C. Strength
increase was about 15 % for the larger ring specimens and about 30 %

for the smaller ones. The variance of strength became smaller by the

irradiation in the case of the larger rings.

* 1Two cylindrical specimens, one for $MI-24 and the other for IG-11,
and two ring specimens were broken before post-irradiation test.
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Further researches are expected in relation to the irradiation

experiments. Some of the subjects are:

(1) thermal expansion of §M1-24 graphite

(2) tensile test of both graphites using cylindrical specimens
(3) size effect on strength of IGﬂli graphite

{(4) comparison and evaluation of measuring techniques different

between JAERI and KFA Julich.

It is also expected that the cooperational work on graphite research

will develop in the close contact between two institutioms within the

framework of the projects of both countries.
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Table 1 List of the specimens of SM1-24 graphite

conductivity

| Rind of Spe?imen Specimen number Number of
Block specimen slze specimen
P (mm) Y L
%
Thermal 5% x 20 1- 5] 16 - 20 10
expansion
Dimensional
No. 1 |  change 6% x 25 1-15| 46 - 60 30
Young's Modulus
Thermal * $
conductivity 57 x 50 1~ 5 16 - 20 10
%
Thermal 5% x 20 6 - 10 | 21 - 25 10
expansion
Dimensional
No. 2 change 6¢ x 25 16 - 30 61 - 75 30
Young's Modulus
Thermal * o)
conductivity 5" x 50 6 - 10 21 - 25 10
*
Thermal 5% x20 | 11-15] 26 - 30 10
expansion
Dimensional
No. 3 change 6% x 25 | 31-45] 76 - 90 30
Young's Modulus
*
Thermal 59 x50 | 11- 15| 26 - 30 10

For

the use in JAERI.
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Table 2 List of the IG-11 specimens machined from the blocks

shown in Fig.

1

Block Klnd.0f Size (mm) Sp§31meg Numb?r of Direction
specimen designation|specimen
Ring compression i ® ROT 1 - _L.
(1) {20-10) "x10 ROT 84 84
R
Ring compression _ i RIT 1 -
(11) (20-3)"x 3 riri6g | 108 L
~ Dimensional o
change 6" x 25 DE-L1-L64 64 /
Young's modulus
thermal 6% x 32 RT-L1-L32 | 32 /"
conductivity
*
BL Compression 15%15x25 COM-L1-196| 96 4
* .
Bending 15x15x75 BEN-L1-164 64 /
*
Thermal 15x15x30 CTE-L1-L32| 32 /
conductivity
Dimensional
change 6% x 25 DE-T1-T64 64 L
Young's modulus
Thermal 6% x 32 RT-T1-T32 | 32 +
conductivity
*
BT Compression 15x15x%25 COM-T1-TS6 96 L
*
Bending 15x15x75 BEN-T1-T64 64 L
Thermal *
conductivity 15x15x30 CTE-T1-T32 32 n

% Not shaped into the final form.

For the use in JAERI.
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Table 3 List of the specimens machined from the block TEN

shown in Fig. 1.

L3
Block Diameter | Length Density YOung s |y, chined *k
number {rm) (mm) (g/cma) modU1%S specimen¥® Place
(N /mm”)
TEN-T1 20.032 149.95 1.764 9.80 Z KFA
2 20.035 149.95 1.762 9.68 TCB JAERI
3 20.030 149.95 1.761 g.63 - R
4 20.033 149.95 1.763 10.0 - R
5 20,034 149.94 1.764 9.99 Z KFA
6 20.037 149.95 1.766 9.97 TCB JAERI
7 20.020 149.95 1.759 9.90 Z KFA
8 20.037 149,94 1.762 9.95 Z KFA
9 20.021 149.96 1.763 g.99 Z KFA
10 20.030 149.95 1.759 9,78 TCB JAERT
11 20.052 149.95 1.757 9.88 Z KFA
12 20.044 149.95 1.760 9.89 7z KFA
13 20.026 149.95 1.758 9.84 A KFA
14 - 20.034 149.96 1.754 | 9.66 - R Ex
15 20.022 149.95 1.763 9,88 Z KFA
16 20.040 149.95 1.757 9.94 Z KFA
17 20.041 149.95 1.754 9.89 - R Ex
18 20.029 149.96 1.762 "9,91 TCB JAERI
19 20.036 149.95 1.757 9.80 Z KFA
20 20,040 149.95 1.756 9.74 TCB JAERI
21 20.028 149.95 1.765 10.1 YA KFA
22 20,024 149.95 1.762 9.83 TCB JAERI
23 20.033 149.93 . 1.759 9.57 TCB JAERI
24 20.044 149.94 1.756 9.61 - R
25 20.036 149.96 1.756 9.55 Z KFA
26 20.024 149.94 1.760 9.36 TCB JAERI
27 20.034 149,95 1.763 9.52 - R
28 20.026 149.94 1.762 9.45 - R
29 20.032 149.94 1.756 9.21 A KFA
TEN-T30 20,020 .| 149.94 1.758 9.28 TCB JAERI
31 20.034 149.95 1.756 9.30 A KFA
32 20.034 149.95 1.764 9.36 Z KFA
33 20.034 149.95 1.765 9.32 Z KFA
34 20.053 149.94 1.763 9.54 TCB JAERI
35 20.008 149.94 1.763 9,26 - R
36 20.026 149.94 1.761 9,14 - R
37 20,020 149.95 1.762 9.59 7 KFA
38 20.034 149.95 1.761 9.36 TCB JAERI
39 20.015 149.96 1.766 9.59 TCB JAERI
40 20.040 149.99 1.757 9.33 - R
41 20.039 149.93 1.758 9.22 - R
42 20.025 149.94 1.763 9.51 - R
43 20,026 149.95 1.759 .53 - R
44 20.033 149,95 1.764 9.60 Z KFA
TEN-T45 20,036 149,95 1.763 9.72 TCB JAERT
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1
Block Diameter Length [ Density Young's Machined *k
number (mm) {mm) (8/cm®) m°du135 specimen* Place
(N/mm”)
TEN-T46 20.024 149.94 1.763 9.63 Z KFA
' 47 20.039 149.95 1.764 9.65 Z KFA
48 20,031 149.95 1.760 9.76 Z KFA
49 20.029 149,95 1.764 9.58 Z KFA
50 20.029 149.95 1.768 9.65 TCB JAERT
51 20.040 149,95 1.766 9,67 - R
52 20.011 149.95 1.763 9.44 Z KFA
53 20.040 149,95 1.765 9.37 z KFA
54 20,027 149.93 1.767 9.74 Z KFA
55 20.029 149.94 1.760 9,27 Z KFA
56 20.014 149.95 1.763 9.21 Z KFA
57 20.030 149.94 1.761 9,42 TCB JAERI
58 20,020 149,95 1.763 9.56 - . R
59 20.018 149,95 1.764 9.65 Z KFA
TEN-T60 20.018 149.95 1.768 9.79 Z KFA
* 7 : Tensile specimen shown in Fig. 11.
T + Tensile specimen shown in Fig. 11.
¢ : Compressive specimen shown in Fig. 11.
B : Bending specimen shown in Fig. 11.
%% R : Retained in JAERI.
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List of specimens sent to KFA Jiilich from JAERI

Table 4
. Sample size , Numbers Group
.Material [am] Dir. I.D. Number of Samples | Number
b 1 Vi 1- 30 30
67 x 25 n 31- 60 30 o8
1G6-11
¢ 1 V4 61- 65 5
6% x 32 n 66— 70 5 @
_ ¢ 1 Vi 71- 85 15
SM1-24 6% x 25 i 86-100 1s ®
1
(20-10) $x10
Large Ring 101-140 40 ()
1
_ (10-5) ¥x5 n
IG-11 Small Ring 141-190 50 ®
20% x 150" + 191-220 30 ®
_ ¢ 1 V4 - 221-222 2
SM1-24 67 x 32 223924 5 @
1
Table 5 Irraidation Conditions for HFR-GGl4
Reactor Cycle Irradiation time
fpd
Pos.
Nr. Start End Cycle Total
77/10 03.11.77 28.11.77 26, 1 E5
77/11 01.12.77 24.12.77 23, 9 50 E5
78/01 13.01.78 06.02.78 24, 9 74, 9 E3
78/02 09.02.78 06.03.78 26, 1 101 E3
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Table 6 Sample temperatures corresponding to thermocouple

position Experiment HFR-GGl4

Sample temperature °C
thermocouple average | maximum minimum

central outer central outer central outer

2 1065 1055 1085 1075 1045 1035
4 1095 1085 1120 1110 1070 1060
5 1100 1090 1125 1115 1070 1060
7 1100 1085 1120 1105 1080 1065
9 1100 1085 1120 1105 1080 1065
10 1100 1085 1120 1105 1085 1070
11 1060 1075 1115 1100 1070 1055
12 1100 1085 1140 1125 1050 1035
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Table 7 Thermal and fast flux density and fluence values, measured
in the north-east and south-west corner of the aluminium
filler of the experimeht GG 14.
(The fast fluence and flux density values are equivalent
fission neutron values, measured with the reaction 58Ni(n,p).
The thermal fluence and flux density values are obtained .
from the specific. reaction rates, using the 2200 m.s™
cross section of 59Co(n,y)).

distance b in units of 10%%n%2.s7! | ¢ in units of 1024n=2
from Metector : - - :

I R eI S LI BT
a| =305 {NiCo I-1 0.542 1.52 5.38 14.7
'5 -205 NiCo 1-2 1.54 1.31 15.3 12.8
’5 ~-105 NiCo 1-3 2.00 1.70 19.9 16.5
j‘ - 5 |NiCo I-4 2.07 1.75 - 20.5 17.0
§ + 95 [NiCo 1-5 1.76 1.42 17.5 3.8
é +195 [NiCo 1-6]  1.14 0.891 11.3 8.66
S| 4295 [wico 1-7]  0.503 0.456 4.99 b.43
=] =305 |NiCo 3-I 0.848 1.78 8.41 17.3
E -205 |[NiCo 3-2 2.36 1.49 23.4 14.5
.5 -105 [NiCo 3-3 3.13 1.95 31.0 19.0
i. - 3 [NiCo 3-4 3.23 2.03 32.90 19.7
§ + 95 |NiCo 3-5  2.66 1.64 26.4 15.9
é +195 [NiCo 3~6 1.52 0.957 15.1 9.30
§ +295 |NiCo 3-7 0.626 0.44] 6.11 4.28
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Table 11 Properties of the Ring Specimens of 1G-11 Graphite

Qutside Inside
Specimeﬁ * Diameter Diameter tength Oensity
Number {mm} {rmm) {mm) - {g/cm3)
T -1 20,001 . 19,117 9,962 1,77
S 2 - 132 19,998 10,124 9,962 1,76
3 - 133 19,993 10,101 9,961 1,76
4 - 134 19,956 10,110 9,961 1,77
& - 135 19,989 10,098 - §,960 1,79
& - 136 19,9%C 10,102 9,964 1,78
7-137 19,993 10,115 9,963¢ 1,76
8 - 138 19,991 10,108 9,965 ’ 1,76
9 - 139 19,994 - 10,100 9,963 1,75
10 - 140 19,995 ‘ 10,108 T 9,966 1,76
t -1 9,984 5,039 4,376 1,76
2 -172 9,983 ] 5,033 4,978 1,75
3-173 9,978 5,041 4,975 1,77
4 - 174 9,582 5,023 4.976 1,76
§ - 175 9,933 5,046 4,980 t,76
6 - 176 9,981 5,039 4,978 1,76
7 =177 . 9,586 5,028 4,579 ‘ 1,75
8 -178 9,983 §,048 4,580 1,75
9 - 179 ) 9,984 . 5,051 4,981 1,75
t0 - 180 9,983 5,042 4,978 1,76
11 - 181 9,934 5,034 - 4,973 1,76
12 - 182 9,984 ’ 5,041 4,975 1,76
13 - 183 9,981 5,039 4,974 1,76
14 - 184 9,986 5,029 4,970 1,76
15 - 185 9,985 5,034 4,973 ‘ 1,74
16 - 186 9,588 5,041 4,994 1,75
17 - 187 ’ 9,988 5,046 4,990 1,76
18 - 188 9,936 5,042 4,962 1,76
19 - 189 9,582 5,030 4,963 1,77
20 - 190 9,588 5,052 4,875 1,76

* The first part of the specimen number has been
engraved on the ring samples ; the second
part is the corresponding JAERI code.
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Table 12 Mean Values and Standard Deviations of the Property
Measurements for the Cylindrical Samples

Cylindrical Specimen

16-11 Pensity (g/em’): 1,762 + 0,006

Electr. Resist. (Chm rmnC /m) : 9,99 + 0,28 (4)
9,60 + 0,39 (L)

Young's Modulus (103 N/mm): 9,30 + 0,33 (W)
' 9,55 + 0,47 (L}

CTE (20 - 500°C) (1078 /%) 4,07 + 0,18 (1)
3,89 + 0,11 (L)

CTE (20 - 1000°C) 1078 5,03+ 0,18  (h)
4,83+ 0,15 (L)

Open Porosity {%): 15,88 + 0,30
SM 1-24 Density (g/cm’): 1,742 + 0,006
Electr. Resist, (Ohm mn/m): 7,98 + 0,11 (1)

7,48 + 0,13 (1)

Young's Modulus (107 p/mny: 8,78 + 0,11 (1)
9,36 + 0,19 (1)

cTE (20 - 500%C) (10°8/x): not measured
CTE (20 - 1000%C) (10°5/x): not measuied
Open Poraosity (¥): 14,44 + 0,20
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Table 25 Results of the Tensile Measurements on IG-11

Sample fm° ATO ESo
Number (N/mmz) (mm/m) (N/mmz)
191 22,2 3,92 5,65 x 10
2 21,6 3,51 6,16
3 24,8 4,77 5,19
4 24,3 4,41 5,50
5 23,4 4,54 5,16
6 22,3 4,16 5,38
7 1 23,9 3,96 6,04
8 23,6 4,21 5,61
9 23,7 4,34 " 5,46
200 22,7 4,07 5,58
1 24,1 4,50 5,37
2 23,8 4,52 5,27
3 21,3 3,88 5,49
4 21,4 4,11 5,21
5 22,8 4,68 4,86
6 20,8 4,08 5,08
7 21,3 4,11 5,19
-8 21,9 3,99 5,48
9 22,2 4,52 4,90
210 22,4 4,22 5,32
1 22,5 4,28 5,25
2 21,9 3,99 5,48
3 23,9 4,70 5,09
4 22,9 4,34 5,27
5 22,8 4,42 5,15
6 24,3 4,72 5,16
7 21,8 4,27 5,09
8 22,3 4,41 5,06
9 22,8 4,44 5,13
220 24,8 4,93 5,02
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Table 26 Results of the Ring Compressive Measurements on the
Rings 20¢ % 10¢ % 10 of Unirradiated IG-11

Sample Fm® A Lto SRo ERO
_Numbgr‘ (N) (mm ) (N/mmz) _ (N/mmz)
101 532,0 0,1216 32,5 4,39 x 10°
102 495,2 0,1096 30,2 4,53
103 544 ,0 0,1216 33,1 4,50
104 - 572,0 0,1291 34,9 4,45
105 570,0 0,1242 34,7 4,61
106 . 537,6 0,1164 32,8 4,64
107 362,0 0,0804 22,1 4,52
108 ©~  509,2 .0,1140 31,1 4,49
109 512,0 0,1120 31,2 4,59
110 ~  468,0 0,1016 28,5 4,63
111 444,0 0,08864 27,1 5,03
112 528,0 0,1152 32,2 4,61
113 540,8 0,1180 32,9 4,60
114 544,0 0,12064 33,2 4,53
115 - 540,0 0,1192 2,9 4,55
116 524,0 0,1037 31,9 5,07
117 554,4 0,1224 33,8 4,55
118 458,0 0,1012 27,9 4,54
119 458,0 0,1039 27,9 4,42
120 516,0 0,1196 31,5 4,33
121 556,0 0,1232 33,9 4,53
122 486,0 ~ 0,1080 29,6 4,51
123 -~ 448,8 0,0944 27,3 4,77
124 486,0 0,1056 29,5 4,62
125 488,0 0,1068 29,7 4,59
126 505,2 0,1072 30,8 4,73
127 430,0 0,0904 26,1 4,77
128 456,0 0,0944 27,7 4,85
129 511,2 0,1156 31,1 4,44
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Table 27 Results of the Ring Compressive Measurements on the
Rings 10¢ x 5¢ x 5 of Unirradiated IG-11

i a N S SPR
‘ (N) (mm) N/mm=)  (N/mm®)
141 156,0 0,07176 38,1 4,37 x 10°
142 153,4 0,07136 37,4 4,32
143 157,2 0,07264 38,3 4,35
144 128,0 0,05744 31,2 4,48
145 130,0 0,0592 31,7 . 4,43
146 163,0 0,0768 39,9 4,28
147 . 150,8 0,06976 36,9 4,36
148  160,4  0,0732 39,3 4,42
149 137,2 0,0656 33,5 4,21
150 162,6 0,07784 39,7 4,20
151 133,6 0,06184 32,5 4,34
152 128,0 0,05952 31,0 4,31
153 148,6 0,06936 36,1 4,31
154 140,0 0,066 34,0 4,26
155 130,0 0,0616 31,5 4,24
156 142,4 0,656 34,8 4,37
157 .~ 163,6  0,0768 39,9 4,29
158 156,4 0,0724 38,1 4,35
159 156,6 0,07344 38,2 4,29
160 146,0 0,06936 35,5 4,23
161 . 145,0 0,06704 35,3 4,35
162 149,0 0,0672 36,3 4,46
163 168,4 0,0764 41,0 4,43
164 151,0 0,0664 36,7 4,57
165 160,2 0,0728 38,9 4,42
166 135,2 0,0624 33,0 4,35
167 147,6 0,07024 36,0 4,22
168 142,8 0,0656 34,7 4,38
170 157,6 0,076 38,4 4,17
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Table' 28 Results of Ring Compressive Tests for the Rings
20¢ x 10¢ x 10 from Irradiated IG-11

Sample F.r L Sp' En' Fluence (EDN)
Number () (mm) (N/mm?) (N/mm®) 10%Y/en®
1 - 131 635,2 0,084 39,7 7,66 - 10° 2,4

2 - 132 596,0 0,08208 37,1 7,34 2,4

3 - 133 584,0  0,0784 39,9 7,52 2,4

4 - 134 628,0 0,0864 38,0 7,33 2,3

5 - 135 657,2 0,0892 40,8 7,44 2,3

6 - 136 604,0 0,08416 37,5 7,26 2,2

7 - 137 607,2 .  0,0824 37,6 7,43 2,1

8 - 138 654,0 0,086 40,5 7,66 2,1

9 - 139 680,0 0,0904 42,1 7,58 2,0

10- 140 628,0 0,0848 38,7 7,47 1,9
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Table 29 Results of Ring Compressive Tests for the Rings
10¢ x 5¢ % 10 from Irradiated IG-11

Sampie FmJr Lt+ SR+ ) ER+ ) Fhéalancez(EDN)
Number (N) (mm) {N/mm") (N/mm™} 10" /cm
1 - 171 180,8 0,0548 45,1 6,71 - 10 2,4
2 .- 172 170,4 0,0524 42,4 6,61 2,4
3 - 173 175 0,054 - 43,7 6,58 2,4
4 - 174 147 0,04509 36,5 6,48 2,4
5 - 175 158 0,0488 39,5 6,57 2,4
6 - 176 146 0,0456 36,5 6,51 2,8
7 -177 180,4 0,05728 45,5 6,40 2,3
8 -178 183 0,05 40,9 6,62 2,3
9 -179 157 0,0504 39,2 6,32 2,3
10 - 180 W  emmemcecvecneo - broken = = eemcmwremenmveeaeeo
11 - 181 s mmmmm s —eo- broken eemeemmcccmmmccmmieaaa
12 - 182 153,4 0,048 38,3 6,48 2,2
13 - 183 140 0,04184 34,9 6,79 2,1
14 - 184 162,4 0,0496 40,4 6,65 2,1
15 - 185 16,4  0,04744 38,9 6,69 2,1
16 - 186 160,4 0,04744 39,7 6,84 2,0
17 - 187 170 0,05136 42,2 6,70 2,0
18 - 188 178 0,05376 44,5 6,73 2,0
19 - 189 166 - 0,0476 41,3 7,09 1,9
20 - 190 170 0,04904 42,3 7,02 1,9
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Table 30 Mechanical-properties of IG-11 graphite measured in
' JAERI
* ! : : ;
| Block | pensiey” | SORT | ivengin | sirength | scrength

(10° N/mm“) | (N/mm?) (N/mm?) (N/mm™)
1! TEN- 2| 1.753 9.52 26.5 70,0 31.6
2 6| 1.765 10.0 21.9 70.0 36.2
3 10, 1.756 9.84 22,5 67.2 31.2
4 18| 1.757 9,82 25.3 71.2 29.0
5 20| 1.743 9.29 23.8 66.8 31.2
6 22| 1.758 9,70 23.8 69.4 31.6
7 23| 1.754 9.36 22,0 63.6 32.5
8 26 | 1.756 9.66 20.8 66.6 32.7
9 30| 1.756 9,07 21.7 65.7 30.7
10 341 1.758 9.63 22.7 64.6 34.5
11 38 1.759 9.43 21.7 68.3 36.3
12 39 1.753 9,22 23.4 68.1 34,3
13 45| 1.756 9,16 22.0 63.9 35.4
14 50| 1.758 9.80 23.8 66.3 33.3
15 | TEN-57 | 1.757 9.25 23.0 64.9 32.7

Mean 1.756 9.52 23.0 67.1 32.9
value * 0.005 * 0.29 + 1.5. 2.4 + 2.1

* Measured using the bending specimens.
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iv) DE-L Block : v) R-L Block

C
a
b

7 C

s d
e
£
g
h

85Dy eee,D a,b,....;h

Fig. 7 1G-11 Sample map
(BT BLock~-2)

i) BEN-T Block

o
o
[an]

o]

']

e}

Q
\

N
|
N

BEN-T
(4 Blocks)

a,byeeneayP

//4 ¢

i -T

s 7 A

)Zé;i/7?£%9' //i < ii) CTE-T Block
1 1 I T
[ [
|
v
L]

COM-T ol -:ﬁ::
I — e bk —
T :

R S M ks St B _
}/l | /
A/ I }--—"'7*-
A o0 L L A meer a,b,....,h
O e I
ye [ I//%- /:;7
/ -_/9._...._‘!__.[___._
7 7 il Fig. 8 1IG-11 Sample map

DE-T RT{; (BT Block-1) Block size 80x100x300
Section A, B, C, and D



JAERI-M B0G6S

£ n-.o-.nﬁ,n.w

oo o=

H

[}

e

T

NNV

A0otdE I-d (o

_Q hu.um-nﬂ.qm

Wl O 4T O | e o

\\-H | H B S o] o

A201d L-Td (AT

(z-o01q 14) dew oydues ¢ *81g

\

% A-.mwco-nﬁ—nm
b'e
M
d q FiY
0 3 n
u ¥ !
w 2 ]
T P 1
1 > b
g q
B

|
—

2079 I-W0D (TIT



JAERI-M 8068

250 ‘
_ 0 100 100 30
Type.A+TypeB :
. Type.B —“. ______‘}{ i; }Q_ sze!C
B .
Cross Section B\\ ; Dlock No,1
AA _ { ! (1) Direction
e Radnded '--ﬂ-ﬁ
| (/1) Direction
]
Cross Segt_ign 8 U E Block No, 2
- AN b
'
1 |
R | 1
' :
[an) ]
o S ! ! Block No3
1g) 1 1
~T ] |
O RPN MR
20 100 100 0]
A — (1) Direction __ 4
B;_ TTITIIITI ll_lI__ _LB

250

IO‘FF’

(/) Direction

Fig. 10 The Locations of SMI1-24 Graphite Specimens in a Block
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QO Tensile specimen
—
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+|
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™M
Specimen
Graphite Block Tensile Compressive Bend
Number | No. Number | No. Number : No.
No. Size of of of
specimen specimen specimen
TEN~T2 20 150mm 1 T-1 1 c-1 1 B-1
TEN-T6 i 1 T-2 1 c-2 1 B-2
TEN-T10 " 1 T-3 1 c-3 1 B-3
TEN-T18 " 1 T-4 1 C-4 1 B-4
TEN-T20 " 1 T-5 1 C-5 1 B-5
TEN-T22 " 1 T-6 1 C-6 1 B-6
TEN-T26 A 1 T-7 1 C-7 1 B-7
TEN-T30 " 1 T-8 1 c-8 1 B-8
TEN-T23 " 1 T-9 1 c-9 1 B-9
TEN-T34 " 1 T-10 1 C-10 1 B-10
TEN-T38 " 1 T-11 1 C-11 1 B-11
TEN-T39 " 1 T-12 1 C~12 1 B-12
TEN-T45 " 1 T-13 1 C-13 1 B-13
TEN-T50 " 1 T-14 1 c-14 1 B-14
TEN-T57 " 1 T-15 1 C-15 1 B-15
Fig. 11 The dimensions of the specimens
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Sample temperature for central samples = TC 7,%,11 + 20 Y
=TC 8,10,12 + 5 °C

for outer samples = TC 7,9,11 + 5 °c

=« TC 8,10,12 - 10 °C
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-Sample temperature for central samples = TC + 5 P
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Fig. 18 Radial Position of Thermocouples in Experiment HFR GG 14
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Fig. 23 Axial Fluence Distribution in Experiment GG 14
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Appendices

A I. List of specimens made in JAERI and sent to KFA Jilich

Table Al Pre—irradiation characterization of SM1-24
graphite specimens carried out in JAERT

JAERI-M 8068

I '

. . . . Apparent|Electrical | Young's

No. Sp§c1men Sirec— I?ng§h Dl?meger W?lﬁht density Resistivity Modulus

o- on i o g (g/em®) (Q cm) (kg/cm?)

1 71 24,949 | 5.995 1.2309| 1.748 [8.09 x 10 *|7.83 x 10*

2 72 24.948| 6.008 |1.2321| 1.742 |8.32 7.80
3 73 24,962 | 6,000 [1.2361| 1.752 8.01 7.86
4 74 24.9321 6,019 |1.2350| 1.741 |8.09 7.92
5 75 24.,985( 6.005 |1.2373| 1.748 7.86 7.72
6 76 24,931 5.997 1.2354 | 1.755 7.85 7.99
7 77 24.915| 6.010 | 1.2328} 1.744 |8.05 7.93
8 78 24.926; 6.008 | 1.2324| 1.744 |8.00 7.67
9 79 24.932) 5.992 | 1.2295| 1.748 7.89 8.11
10 80 24.920| 6.006 |1.23341 1.747 |8.06 7.81
11 81 24.928| 6,007 |1.2305| 1.742 |8.06 7.92
12 82 24.943| 6.015 1.2355| 1.743 |8.02 7.94
13 83 24.938! 6.012 1.2319 1.740 | 7.97 7.79
14 84 24,927 6.012 |1.2362| 1.747 [8.10 7.95
15 85 24.932| 6.010 §1.2320| 1.742 8.43 8.06
16 86 24,9481 5,992 |1.2311| 1.750 |7.72 8.40
17 87 24,936 5.993 1.2302 | 1.749 7.62 8.53
18 88 24,939 5.994 | 1.2325| 1.751 7.70 8.39
19 89 24,949| 5.991, | 1.2311 1.751 | 7.77 8.40
20 90 24.951| 5.992 | 1.2353| 1.756 7.50 8.57
21 91 24.937| 6.000 |1.2305| 1.745 7.70 8.36
22 92 24.938| 5.998 |1.2414: 1.762 7.41 8.75
23 93 24,921¢ 6.004 | 1.2366| 1.753 7.55 8.54
24 94 24.930| 6.000 |1.2311 1.747 7.66 8.37
25 95 24,969 6.011 {1.2378| 1.747 7.83 8.54
26 96 24.947| 5.999 |1.2386| 1.756 7.57 8.72
27 97 24,978 | 6,007 |1.2385| 1.750 7.56 8.56
28 98 24.945| 6,004 |1,2393: 1.753 7.59 8.71
29 99 24.965| 5.992 | 1.2369 1.757 7.56 8.59
30 100 24,976 6.001 |1.2395| 1.755 7.63 8.44
31 0 221 32.040| 6.008 | 1.5948| 1.756 7.86 8.06
32 222 32,078 | 6.001 | 1.5926| -1.756 | 7.60 8.18
33 223 32,068 | 6.007 |1.5992| 1.760 | 7.48 B.77
34 224 "132.022 6.007 1.5971| 1.760 | 7.47 9.00
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Table A 2 List of specimens for thermal conductivity measurement (L)

Parallel to the longitudinal axis (IG-11)

£ L]
Specimen Specimen Diameter Length | Density Young s
designation number {mm) * (mm) (g/cm®) mOdUlgS
for irrad. (N/mm*)

RT - L1 - 6.007 | 6.001 31.593 1.759 9.90
2 - 6.007 | 6.001 31.996 1.759 9.14
3 - 6.009 | 6.008 31.995 1.759 9,27
4 - 6.009 | 6.004 31.991 1.764 8.86
5 - 6.003 | 6.002 31.993 1.768 5.03
6 - 6.009 | 6,004 31.997 1.763 8.85
7 bl 6.006 | 6.002 31.999 1.763 8.76
8 - 6.009 | 6.009 31.988 1.765 8.92
9 - 6.009 | 6.003 31.988 1.769 9.24
10 - 6.008 | 6.005 31.991 1.766 9.59
11 - 6.005 | 6.005 31.985 1.765 9.59
12 62 6.002 | 6.000 31.991 1.774 9,09
13- 63 6.0051( 6.003 31.992 1.780 9.29
14 - 6.007 | 6.003 31,992 1.777 9.43
15 - 6.003 | 6.000 31.992 1.777 9.72
16 64 6.009; 6.006 31.985 1.768 9.49
17 - 6.002, 6,000 31,994 1.773 9.02
18 - 6.006 | 6.006 31.991 1.768 9.06
19 - 5.999 | 5.994 31.994 1.767 8.59
20 - 6.001 ] 6.001 31.997 1.765 8.77
21 - 6.004| 5.998 31.986 1.774 8.98
22 - 6.009 | 6.005 31.991 1.773 9.20
23 - 6,005 6.003 31.989 1.768 9,12
24 - 6.007 | 6.005 31.989 1.775 9.12
25 - 6.009 | 6.004 31.992 1.769 8.97
26 -~ 6.004 | 6,003 31.997 1.762 8,75
27 - 6.005 6.000 31.993 1.765 8.71
28 - 6.007 | 6.003 31.991 1.765 8.70
29 65 6.008 | 6.006 | 31.990 1.765 9.10
30 - 6.007! 6.001 31.991 1.771 9.31
31 - 6.000(| 5.999 31.993 1.769 9.30

32 - 6.009| 6.005 31.589 1.780 10.1
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Table A 3  List of specimens for thermal conductivity measurement (2)

Perpendicular to the longitudinal axis (16-11)

: . )
_Specimen Specimen Diameter length Density Young's
designation number {mm) {mm) (g/cma) m°d“125
for irrad. (N/mm*)
RT-T1 - 6.003| 6.000 31.998 1.762 9.37
2 - 6.010| 6.005 | 31.982 1.762 9.32
3 - 6.010 1 6,007 31.980 1.767 9.15
4 - 6.010 | 6.003 31.980 1.765 9.21
5 - 6.009 | 6.004 | 31.986 1.764 8.86
6 - 6.0081 6.003 | 31.985| 1.765 8.70
7 66 6.009 | 6.003 | 31.981| 1.760 8.83
8 - 6.009 | 6.006 31.978 1.762 B.48
9 - 6.006! 6.002 | 31.975 1.765 9.54
10 - 6.010 6.004 | 31.978 | 1.764 9.13
11 - 6.005 | 6.000 | 31.981 | 1.769 9,25
12 . - 6.005| 6.000 | 31.977 1.774 9.18
13 67 6.010 | 6,003 | 31.981} L1L.771 9.04
14 - 6.007 | 6,002 | 31.976 1.768 8.96
15 - 6.009 | 6.006 | 31.974 | 1.768 8.97
16 68 6.009 | 6.003 | 31.976 1.773 9.09
17 - 6.010| 6.007 | 31.978 1.771 9.74
18 - 6.008 | 6.006 31.995 1.762 9.60
19 - 6.009! 6,007 | 31,995 1.760 8.54
20 - 6.010 | 6.006 | 31.995 1.761 8.66
21 69 6.003 | 6.001 31.997 1.760 8.41
22 - 6.009 | 6.004 | 31.998 | 1.765 8.50
23 - 6.008 | 6.005 | 31.996 1.770 9.98
24 - 6.008 ! 6.006 31.994 1.762 9.95
25 - 6.005 | 6.003 31.995 1.770 9.31
26 - 6.007 | 6.004 | 31.991 | 1.76l 9.74
27 - 6.007 | 6.003 31.997 1.758 9.80
28 - 6.004 | 6,005 | 31.997 | 1.758 9,47
29 70 6.007 | 6.005 31.993 1.762 9.46
30 - 6.009 | 6.005 | 31.991 | 1.761 9.50
31 - 6.009 | 6.004 | 31.991 | 1.764 9.60
T32 - 6.004 | 6.001 31.990 1.768 10.0
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Table A 4_ List of specimens for dimensional change measurement (1)

Parallel to the longitudinal axis (IG-11)

. 1
Specimen Specimen Diameter Length Density Young's
designation number (mm) {mm) (g/cmg) mOd“l?S
for irrad. (N/mm*°)
DE-L1 1 6.021 | 6,012 24.973 1.756 8.95
2 - 6.019 | 6.010 | 24.982 1.756 8.61
3 - 6.017 { 6.011 24,981 1.758 8.71
& - 6.015! 6.007 | 24.981 1.762 8.60
5 2 6.0221 6.013 24,978 1.761 8.52
6 - 6.020 | 6.010 | 24.984 | 1,762 8. 46
7 3 6.016 | 6.007 24.986 1.763 8.22
8 4 6.013 | 6.003 24,999 1.757 8.30
9 5 6.037 1 6,027 | 24.975 1.756 8.42
10 -~ 6.024 | 6.020 24.978 1.757 8.25
11 - 6.022 | 6.012 24,973 1.759 8.26
12 6 6.025| 6.018 24,976 1.763 8.29
13 7 6.026( 6.016 24,977 1.766 §.11
14 8 6.028 1 6.016 | 24.980 1.764 7.77
15 9 6.023 | 6.014 24,978 1.763 7.81
16 10 6.034 1 6.024 |- 24.975 1.759 8§.01
17 - 6.030 | 6.023 | 24.977 1.766 8.91
18 - 6.025| 6.018 | 24.980 1.761 9.21
19 11 6.025 | 6.020 24.983 1.765 8.93
20 - -6.024 | 6.019 24.981 1.772 9,27
21 12 6.030| 6.020 24,976 1.774 9.10
22 - 6.044 1 6.033 24,976 1.774 8.93
23 - 6.040 ) 6.031 | 24,974 1.771 8.59
24 - 6.033 | 6.026 24.974 1.768 8.82
25 13 6.021 | 6.011 24.983 1.769 8.99
26 : - 6.022 16,013 | 24.983 1.765 9,10
27 - 6.020 | 6.019 24.982 1.768 8.73
28 - 6.018 | 6.008 24,981 1.777 9.00
29 14 6.020 | 6.010 24,982 1.775 8.72
30 - 6.019 | 6.011 24,983 1.773 8.83
31 - 6.041 | 6.035 24,983 1.770 8.60
32 15 6.028 | 6.019 24,979 1.771 8.87
33 16 6.031 | 6.020 24.979 1.770 8.45
34 - 6.030| 6.020 24,983 1.756 8.50
35 - 6.031; 6.021 1 24,980 1.767 8.43
36 - 6.033 | 6.025 24,973 1.759 8.36
37 17 6.028 | 6.021 24.980 1.764 8.58
38 - 6.030| 6.028 24.979 1.773 8.86
39 . - 6.026| 6.018 | 24.979 1.774 9.14
DE - L40 - 6.031 | 6.017 24,983 1.774 9.23
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Table A 4 Continued

. 1

Specimen Specimen Diameter Length Density Young s
designation number (mm) {mm) (g/cma) m°dUl35
for irrad. (N/mm* )

DE - 141 - 6.034 | 6.020 24,975 1.778 8.87
42 - 6.040 : 6.022 24.968 1.771 8.56

43 - 6.035 6,023 24.978 1.766 8.22

44 18 6.037 | 6.023 24,987 1.769 8.39

45 - 6.039 | 6.023 24.971 1.772 8.80

46 - 6.038 | 6.019 24.977 1.767 B.75

47 19 6.034 | 6.021 24,979 1.765 8.88

48 20 6.026 | 6,018 24.982 ©1.775 8.81

49 21 6.029 | 6,017 24,975 1.764 8.80

50 - 6.033 | 6.018 24,983 1.764 9,03

51 - 6.039 | 6.030 24.974 1.771 8.52

52 22 6.034 | 6.027 24.975 1.763 8.58

53 23 6.029 | 6.022 24.981 1.771 8.81

54 - 24 6.0311{ 6.025 24,978 1.759 8.74

55 25 6.027 | 6,019 | 24.976 1.764 8.31

56 26 6.029 | 6.020 24.975 1.777 §.83

57 - 6.032 | 6,021 | 24.973 1.777 8.16

58 - 6.030 | 6.022 24.975 1.768 8.16

59 27 6.031 | 6.025 24,982 1.763 8.21

60 28 6.041 | 6.031 24,982 1.765 8. 40

6l - 6.032 | 6.026 24,973 1.774 8.44

62 29 6.037 | 6.031 24,981 1.775 8.61

63 30 6.037 | 6.028 | 24.972 1.772 9.06

DE - 164 - 6.038 | 6.026 24.975 1.778 9.06
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Table A 5 List of specimens for dimensional change measurement (2)

Perpendicular to the longitudinal axis (IG-11)

. ¥
Specimen Specimen Dameter Length Density Young's
designation number (mm) {mm) (g/cm3) m°d“135
for irrad. (N/mm“)
DE - T 1 31 6.032 | 6.032 24,985 1.758 g.89
2 - . 6.035| 6.025 24,982 1.761 9.49
3 - 6.035 | 6.032 24,975 1.760 9.51
4 - 6.040 | 6.034 24.978 1.757 9.13
5 32 6.035| 6.032 24,981 1.764 | 9.45
6 - i 6.040! 6.032 24.969 1.761 9.58
7 33 6.023 | 6.015 24,976 1.756 9,40
8 34 6.018 | 6,010 24,978 1.755 9.21
g 35 6.022 | 6,015 24,988 1.761 9.51
10 - | 6.020| 6.015 24.986 1.759 9.24
11 - L 6.020 | 6.012 24.977 1.763- 9.69
12 36 6.022 | 6.015 24,979 1.767 8.53
13 37 6.022 | 6.012 24,984 1.766 9.64
14 38 6.020 ] 6.013 24.979 1.764 9.83
15 39 6.012 1 6.005 24.983 1.762 9. 44
16 40 6.027 | 6.019 24.979 1.759 9.23
17 - 6.021 | 6.014 24.979 1.761 9.36
18 - 6.022 | 6,016 24,983 1.759 9.56
19 41 6.017 i 6.011 24.981 1.758 9.44
20 - 6.020 | 6.013 | 24.985 1.765 10.0
21 42 6.021 1 6.011 24.980 1.770 10.0
22 - 6.020 6,012 24,975 1.763 9.94
23 - 6.018 | 6.015 24,978 1.761 o 9.91
24 - 6.017 | 6.011 24,978 1.764 10.3
25 43 6.021 | 6.011 24,981 1.767 9.96
26 - 6.017 | 6.007 24,988 1.771 9.65
27 - 6.020 | 6,010 24.979 1.769 9.65
28 - 6.024 1 6,013 24.980 1.772 .56
29 A 6.019  6.011 24,986 1.772 9,27
30 - 6.025 | 6.015 24_.985 1.773 9.40
31 45 6.029 | 6.022 24,974 1.769 9.54
32 46 6.038 1 6.032 24,958 1.768 9.47
33 47 6.031 | 6.028 24,949 1.766 9,74
34 - 6.021 | 6.015 24,959 1.761 9.81
35 - 6.022 | 6.014 24,978 1.761 9.21
36 - 6.024 | 6.014 24,979 1.765 9.23
37 48 6.026 | 6.016 24,975 1.763 9.42
38 - 6.023 | 6,011 24,974 1.763 9. 84
39 , - 6.022 | 6.013 24,986 1.763 9.61
DE - T40 - 6.022 | 6.014 24.982 1. 764 9.88
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Table A 5 Continued

1
Specimen Specimen Diameter Length Density Young's
designation number (mm) {mm) (g/cms)) mOd“lES
for irrad. (N/mm*)

DE - T4l - 6.022 | 6.018 24,984 1.768 9.81
42 - 6.035 | 6.039 24,980 1.761 9.52

43 - 6.039 | 6.035 24.967 1.756 9.68

44 Broken - - - - -

45 - 6.033 | 6.031 | 24,983 1.763 9,64

46 _ 6.030 | 6.028 | 24.974 1.767 9,87

47 49 6.031 | 6.030 24,972 1.768 '10.3

48 50 6.029 | 6.025 24,971 1.773 10.1

49 51 6.029 | 6.024 | 24.967 1.768 9.99

50 - 6.032 | 6.027 24.972 1.771 10.4

51 - 6.030 | 6.021 24,979 1.771 10.7

52 52 6.023 | 6.015 24,983 1.777 10.5

53 53 6.026 | 6.022 24,975 1.777 10.3

54 54 6.041 | 6.03% 24,972 1.762 10.1

55 55 6.037 | 6.031 24,966 1.772 10.2

56 56 6.037 | 6.032 24.970 1.768 10.1

57 - 6.034 | 6.029 | 24.971 1.766 10.3

58 - 6.036 | 6.028 | 24.971 1.773 10.3

59 57 6.038 | 6.032 24.978 1.766 10.2

60 58 6.029 | 6.025 24,981 1.778 10.2

61 - 6.028 | 6.023 24.978 1.773 10.3

62 59 6.024 | 6.021 24.981 1.763 10.1

63 60 6.027 | 6.025 24.983 1.770 10.3

DE - T64 - 6.025 | 6.020 24,976 1.773 10.2
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Table A'6 List of the larger ring compression specimens (IG-11)
r 1]
Specimen Specimen Oyter Tnner diameter | Density Young' s
Jesignation number diameter (mm) (g/cm®) modulus
& for irrad. (mm) & (N/mm?)
RO-T1 101 19.984 . 10.155 | 9.967 1.761 10.3
2 - 19.985 10.152 | 9.964 1.766 9.65
3 - 19.987 10.152 | 9.964 1.765 9.60
4 - 19.981 | 10.152 | 9.966 1.761 10.1
5 102 19.982 10.155| 9.962 1.766 10.3
6 - 19.995 10.152 | 9.963 1.769 9.71
7 103 19,998 10.130 1 9.925 1.767 9.86
8 104 19.994 | 10.140 | 9.945 1.768 '10.1
9 105 19.998 10.140 | 9.948 1.771 9.88
10 - 19.993 10.143 | 9.943 1.766 10.7
11 - 19.985 | 10.143 | 9.942 1.775 10.9
12 106 19.985 10.138 |'9.940 1.777 9.62
13 107 19.984 | 10.130| 9.940 1.766 11.3
14 - 108 19.993 10.142 § 9.942 1.773 9.60
15 109 19.993 10.135 | 9.940 1.772 10.7
16 110 19.991 ! 10.135; 9.940 1.766 10.3
17 111 19.986 | 10.138 | 9.942 1.772 10.0
18 - 19.987 | 10.135| 9.935 1.772 10.2
19 112 19.989 10.132 | 9.942 1.770 9.72
20 - 19.987 | 10.1381 9.955 1.772 10.8
21 113 19.942 10.132 | 9.942 1.774 9.67
22 - 19.945 | 10.133 | 9.945 1.763 10.7
23 - 15.945 10.138 | 9.945 1.768 10.3
24 - 19.943 | 10.135 | 9.943 1.774 9.26
25 114 19,942 10.130 | 9.942 1.764 10.6
26 - 19.945 10.140 | 9.945 1.761 10.1
27 - 19.945 | 10.132 | 9.945 1.764 9.75
28 - 19.948 | 10.150| 9.948 1.758 9.53
29 115 19.945 10.142 | 9.945 1.768 9.54
30 - 19.943 | 10.140 | 9.943 1.773 10.3
31 - - 19.989 10,143 | 9.958 1.764 9.82
32 116 19,983 10.143 | 9.958 1.776 10.4
33 117 19.989 10.1351 9.960 1.768 10.1
34 - 19.987 10.143 | 9.962 1.766 9.70
35 - 19,987 10.143 | 9.960 1.780 11.0
36 - 19.990 | 10.142 | 9.962 1.777 10.8
37 118 19.985 10.145| 9.962 1.771 11.1
38 - 19.987 10.143 | 9.960 1.775 10.3
39 - 19.985 10.148 | 9.962 1.775 12.3
RO - T40 - 19.988 | 10.150] 9.965 1.766 11.1
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Table A 6 Continued

. Specimen Outer . . Young's
Specimen . Inner diameter| Density
designation number diameter (mm) (g/cma) modulgs

for irrad. (mm) (N/mm*)
RO - T4l - 19.993 10.152 | 9.932 1.772 10,6
42 - 19.993 10,155 | 9.965 1.778 10.2
43 - 19.991 | 10.158 | 9.970 1.761 10.8
44 119 19,991 | 10.145| 9.965 1.762 9.50
45 - 19.991 | 10.145| 9.968 1.773 11.1
46 - 19,992 10.160 | 9.965 1.765 11.1
47 120 19.986 | 10.152 | 9.960 1.764 10.6
48 121 19.989 10.155| 9.962 1.783 12,6
49 122 19.989 10,155 | 9.958 1.769 11.9
50 - 19.988 10.155 | 9.962 1.763 10.8
51 - 19.987 | 10.130 | 9.962 1.772 10.7
52 123 19.994 10.132 |'9.960 1.772 10.0
53 124 15.993 10.135| 9.961 1.763 10.2
54 - 125 19.996 10.132 | 9.963 1.778 10.8
55 126 19.993 10.131 | 9.960 1.766 9.38
56 127 19.991 | 10.127 7 9.957 1.764 9.72
57 - 19.984 | 10.130 | 9,957 1.767 9.93
58 - 19.990 | 10.137 | 9.955 1.764 11.0
39 128 15.987 10.122 1 9.962 1.764 10.4
60 129 19.987 | 10.132 | 9.959 1.761 9.80
61 - 19.987 | 10,132 | 9.962 1.759 9.61
62 130 19.998 | 10.135 | 9.958 1.763 9.76
63 131 19.989 10.132 | 9.958 1.770 9.80
64 - 15.994 | 10.128 | 9.960 1.757 10.1
65 - 19.996 | 10.128 | 9.959 1.767 9.52
66 - 19.993 10,138 | 9.955 1.771 10.6
67 132 19.993 10.133 | 9.955 1.765 10.3
68 - 19.989 10.115 | 9.960 1.773 10.6
69 - 19.987 | 10.135 7 9.955 1.774 10.3
70 - 19.995 | 10.140 | 9.955 1.765 10.0
71 133 "19.991 | 10.132 | 9.955 1.764 9.67
72 134 19.994 | 10,135 | 9.955 1.770 11.0
73 135 19.982 10.133 | 9.952 1.761 9.65
74 - 19.985 | 10.125 | 9.960 1.757 9.60
75 136 19.983 | 10,135 | 9.960 1.765 10.7
76 - 19.987 10.148 | 9,958 1.761 10.5
77 - 19.986 | 10.145 ] 9.955 1.764 9.54
78 - 19.987 10.142 | 9.955 1.773 10.9
79 137 19.989 | 10.148 | 9.960 1.760 10.5
30 138 19.985 10.141 | 9.957 1.766 9.59
81 - 19.989 10.159 | 9.958 1.771 11.1
82 - 19.990 10.157 | 9.961 1.765 10.4
83 139 19.989 | 10.158 | 9.958 1.760 9.52
RO - T84 140 19.9906 | 10.155 | 9.960 1.766 9.78
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Table A 7 List of the smaller ring compression specimens (IG-11)

Specimen Specimen OPter Inner diameter Density
designation number diameter (mm) (g/cm?)
for irrad. {mm) g
RI-T1 - 9.980 5.032 | 4,970 1.758
2 - 9.975 5.040 | 4.972 1.757
3 - 9,985 5.035 | 4,968 1.761
4 141 9.982 5.043 | 4.967 1.772
5 - 9,982 5.042 | 4.967 1.762
6 142 9.982 5.033 | 4.969 1.766
7 - 9,980 5.035 | 4.965 1.763
8 - 9.982 5.032 ; 4.966 1.769
9 143 9.978 5.042 | 4.965 1.766
10 144 9,980 5.031 | 4.965 1.771
11 - 9.982 5.030 | 4,964 1.764
12 145 9.983 5.037 | 4.959 1.770
13 - 9.982 5.035 | 4.959 1.767
14 - 9,982 5.037 | 4.959 1.766
15 - 9.983 5.037 | 4.961 1.770
16 - 9.981 5.036 | 4.963 1,766
17 - 9.977 | 5.038 | 4,961 1.773
18 - 9.982 5.040 | 4.957 1.770
19 - 9,983 5.040 | 4.959 1.766
20 146 9.982 5.045 | 4,961 1.764
21 147 9.980 5.048 | 4,963 1.772
22 - 9.980 5.030 | 4.959 1,769
23 148 9.982 5.045 | 4.961 1.781
24 - 9.982 5.035 | 4.961 1.773
25 - 9.980 5.040 | 4.960 1.769
26 149 9.983 5.030 1 4.964 | 1,763
27 - 9,982 5.039 | 4.954 1 1.771
28 - 9.982 5.035 ! 4,959 ' 1.770
29 - 9.980 5.032 | 4.960 | 1.770
30 - 9,983 5.030 | 4.961 1.766
31 150 9.880 5.037 | 4.969 1.765
32 - 9.975 5,020 | 4.972 1.770
33 - 9.975 5.045 | 4.974 1.771
34 - 9.975 5.040 | 4.973 1.776
35 - 9.9875 5.040 | 4.974 1.757
36 151 9.980 5.035 : 4.975 1.768
37 - 9.973 5.042 | 4.971 1.767
38 - 9.975 5.048 | 4.978 1.771
39 - 9.973 5.039 | 4.976 1.768
40 - 9.972 5.043 | 4.973 1.774
41 152 9.981 5.035 | 4,969 1.769
RI - T42 - 9.981 5.0301 4.960 1.770
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Table A 7 Continued
Specimen Speclmen O?ter Inner diameter Density
designation aumber diameter {mm) (g/cma)
for irrad. {mm}

RI - T43 - 9.985 5.037 1 4.972 1.771
44 153 9,985 5.040 | 4.966 1.773
45 154 9.985 5.042 1 4,972 1.776
46 155 9.985 5.022 | 4.971 1.779
47 - 9.932 5.030 | 4.969 1.762
48 - 9,983 5.032 | 4.965 1.770
49 - 9.983 5.023 | 4.968 1.760
50 - 9,983 5,025 | 4£.971 1.767
51 - 9.981 5.038 | 4.958 1.778
52 - 9.975 5.035 | 4.956 1.776
53 - §.981 5.035 | 4.957 1.766
54 - 9.979 5.028 | 4.962 1.771
55 - 9.978 5.038 | 4.958 1.750
56 156 9,980 5.035 | 4,960 1.753
57 - 9.978 5.026 | 4.958 1.762
58 157 9.978 5,030 | 4.961 1.758
59 - 9.978 5.032 | 4.955 1.758
60 - 9,980 " 5.0301% 4.956 1.761
61 - 9,972 5.037 | 4.960 1.760
62 - 9,980 5.037 | 4.960 1.760
63 - 9.978 5.033 | 4.962 1.759
64 - 9,975 5.0381 4.963 1.786
65 158 9.975 5.035 | 4.960 1.768
66 159 9,978 5.038 | 4.959 1.766
67 - 9.978 5.032 | 4.965 1.761
68 160 9.978 5.025 | 4.966 1.765
69 161 9.980 5.032 | 4.9686 1.776
70 162 9.979 5.040 | 4.966 1.778
71 - 9.975 5.045 | 4,970 1.763
72 163 9,980 5.035 | 4.973 1.779
73 - 9.985 5.035 | 4.969 1.766
74 - 9.990 5,031 | 4.967 1.774
75 - 9.989 5.035 | 4.968 1.771
76 164 9,985 5,035 | 4.970 1.772
77 - 9.982 5.035 | 4.974 1.778
78 - 9,982 5.043 | 4.970 1.774
79 - - 9.973 5.025 | 4.976 1.770
80 - 9.978 5.040 | 4.971 1.774
81 - 9.975 5.033 | 4.963 1.763
82 - 9.973 5.031 | 4.967 1.769
83 - 9,973 5.039 | 4.971 1.774
84 - 9.978 5.038 | 4.978 1.776

RI - T85 - 9,980 5,031 | 4.971 1.770
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Table A 7 Continued
Specimen Specimen Oyter Inner diameter Density
designation number diameter (zam) (g/cma)
for irrad. {mm)

RI - T86 - 9.975 5.041 | 4,969 1.765
87 165 9,978 5.027 | 4.967 1.769
88 - 9.975 5.037 | 4.971 1.761
89 - 9.975 5.036 | 4.973 1.766
90 166 9,973 5.045 | 4.972 1.768
91 167 9.975 5.045 | 4.977 1.766
92 : 168 . 9,977 5.022 | 4.968 1.769
93 - 9.972 5.033 | 4.970 1.769
94 169 9.975 5.035 | 4.969 1.767
95 - 9.975 5.037 | 4.969 1.769
96 - 9,977 5.032 | 4.969 1.776
97 - 9.975 5.040 | 4.976 1.766
98 - 9.971 5.022 | 4.971 1.773

.99 - 9,973 5.036 | 4.967 1.764
160 170 9,975 5.035 | 4.971 1.763
101 - 9.973 5.046 | 4.975 1.773
102 - 9.973 5.028 | 4.971 1.785
103 - 9.975 5.035 | 4.975 1.765
104 171 9.973 5.041 | 4.971 1.770
105 172 9,972 5.040 | 4,969 1.764
106 - 9.973 5.032 | 4.973 1.761
107 - 9,973 5.035 | 4.974 1.771
108 - © 9,972 5.032 | 4.975 1.774
109 173 9.972 5.043 | 4.971 1.772
110 - 9,977 5.035 | 4,972 1.763
111 174 9.975 5.030 | 4.974 1.767
112 - 9.975 5.041 | 4.975 1.767
113 - 9,973 5.035 | 4.978 1.760
114 . - 9,978 5.035 | 4,969 1.765
115 - 9.973 5.035 {4.973 1.764
116 175 9,970 5.040 | 4,971 1.770
117 - 9.975 5.043 {4,974 1.766
118 - 9.973 5.038 | 4.974 1.762
119 176 9.973 5.030 | 4.973 1.765
120 - 9,972 5.040 | 4.973 1.771
121 Broken - - - -
122 - Broken - - - -
123 - 9.973 5.072 | 4.974 1.760
124 - 9,980 5.032 | 4.973 1.749
125 - 9.969 5.048 | 4,973 1.764
126 - 9.975 5.037 | 4.975 1.757
127 177 9.977 5.022 | 4.973 1.757
RI - T128 - 9.973 5.038 | 4.973 1.760
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Table A 7 Continued

Specimen Specimen O?ter Inner diameter Density
designation number diameter {mm) (g/cma)
for irrad. (mm)

RI - T129 - 9.973 5.029 | 4.975 1.753
130 - 9,975 5.032 | 4.973 1.742
131 178 9,975 5,040 { 4.973 1.756
132 - 9,968 5.030 | 4.974 1.759
133 - 9.974 5.035 | 4.968 1.759
134 179 9.975 5,035 | 4.973 1.757
135 - 9.975 5.032 | 4.972 1.763
136 - 9,975 5,031 | 4.973 1.755
137 - 9.972 5.037 | 4.971 1.771
138 180 9,977 5.032 | 4.970 1.766
139 - 9.975 5,040 | 4.967 1.759
140 181 9.978 5.031 | 4.971 1.758
141 - 9.975 5.040 | 4.968 1.762
142 182 9.978 5.035 | 4.969 1.761
143 - 9,979 5.035 | 4.964 1.761
144 - 9,978 5.033 | 4.971 1.759
145 183 9.973 5.035 | 4.969 1.768
146 184 9.975 5.031 | 4.964 1.763
147 185 9.977 5.037 @ 4,972 1.754
148 - 9.978 5.032 | 4,984 1.753
149 - 9.980 5.035 | 4.985 | 1.757
150 186 9.980 5.035 | 4.981 | 1.759
151 - " 9.980 5.039 | 4.988 | 1.763
152 182 9.980 5.035 | 4.955 1.763
153 - 9,981 5.028 | 4.954 '1.758
154 - 9.977 5.035 | 4.959 1.764
155 183 9,979 5.030 | 4.957 1.770
156 184 9.979 5.030 | 4,960 1.768
157 |« 185 9.978 5.035 | 4.954 1.765
158 - 9,983 5.035 | 4.973 1.761
159 - 9.983 5.045 | 4.973 1.760
160 186 9,980 5.043 | 4.969 1.760
161 187 9.982 5.043 | 4.967 1.762
162 - 9.982 5.047 | 4,968 1.769
163 - 9.982 | 5.046 | 4.972 1.760
164 188 9.980 5.040 | 4.973 1.761
165. 189 9.978 5.049 | 4.971 1.753
166 - 9.977 5.035 | 4.974 1.749
167 - 9.980 5.045 | 4,967 1.771

RI - T168 - 9.980 5.040 | 4.970 1.769

1.766
+ 0,007
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