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BNWL-1056A

IRRADIATION OF GRAPHITE AT TEMPERATURES
OF 300 TO 1200 °C

J. W. Helm
ABSTRACT

Irradiations of a large variety of graphites have been
conducted at temperatures from 300 to 1200 °C to maximum
22 nvt (E > 0.18 MeV). As tempera-
tures and neutron fluences increase, bulk expansion of the

neutron fluences of 2.7 x 10

graphite becomes the controlling behavior in all orientations.
Materials which are well graphitized, highly crystalline,
isotropic, and have a high CTE show the lowest contraction at
moderate fluences.

The dimensional-change data for all graphite types may be
separated into two bands. The first band represents data for
samples irradiated in the temperature range 300 to 800 °C.

The second band, showing a highly accelerated damage rate,
represents data for samples irradiated at 900 to 1200 °C.

Thus, the transition from the lower damage rate to the higher
one takes place over narrow temperature range (v800 to 900 °C).
The data are grouped closely within each band.

These observations are based on relatively small samples,
generally less than 1/2 in. diameter by less than 4 in. long.
While the behavior of these small samples may not exactly
represent the behavior of larger pieces, it is felt that
expansion will ultimately be the controlling behavior in the
larger sizes also.
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BNWL-1056A

IRRADIATION OF GRAPHITE AT TEMPERATURES
OF 300 TO 1200 °C

J. W. Helm
INTRODUCTION

Experimental programs are underway to determine the
behavior of a large variety of graphites under neutron irra-
diation in the temperature range of 300 to 1200 °C. The
studies are being conducted to provide engineering data on
graphites used or considered for use in nuclear reactors and
to provide information on newer types of graphites considered
potentially capable of more stable behavior. The long-term
goal of these programs is the gathering of information useful
to the development of a graphite more resistant under neutron
irradiation to dimensional changes, particularly at tempera-
tures of 800 to 1200 °C which are of primary interest for
gas-cooled, graphite-moderated reactors.

This document, combining all irradiation data obtained
as of September 1967 on 58 different graphites produced from
a variety of cokes and binders under various processing condi-
tions, is issued in two separate parts. The appendices to
this report, presenting the experimental procedures, the
results, and supplemental figures, are issued as BNWL-1056B.

Current neutron spectra and monitor activation cross
sections have been used in correcting previously reported
neutron fluence* data on CSF and NC8 graphites (H-3-X irradia-
tion experiments),(l’z) on N-Reactor graphites (H-4, -5, -6
irradiation experiments),cs) and on N-Reactor prototype

(4)

graphites. Additional data on isotropic graphites

* A1l neutron fluences reported herein are based on neutrons
having energies greater than 0.18 MeV.
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(GEH-13—10)(5) and data on several newer graphite types
(H-3-2X and GEH-13-1X experiments) have also been obtained and
are reported herein.

The primary data obtained on all these graphites concern
changes in physical dimension under neutron irradiation. Thus,
the changes in length and volume are of major interest. These
length change data have been summarized previously.(6) The
secondary objective is determining, in materials subjected to
irradiation, the extent of change in such properties as coeffi-
cient of thermal expansion, thermal conductivity, electrical
resistivity, Young's modulus, and crystallite parameters.

MATERIAL DESCRIPTION AND SAMPLE SELECTION

The materials being irradiated are described in Table 1.
All property measurements were made by Battelle-Northwest.
Irradiation data are not reported for all materials since some
are still under irradiation. The sampling schemes used are
given in BNWL-1056B as Figures Al through A5 in Appendix A.
The appropriate figure number is listed in Table 1 for each
material. After machining, individual samples were annealed

at 1600 to 1800 °C for 1 hr in a vacuum of 3 x 10_4 Torr.(l’7)

Details on the individual capsules are presented in
BNWL-1056B, Appendix B.

EXPERIMENTAL RESULTS

Data on the irradiation behavior over the temperature
range of 300 to 1200 °C of a wide variety of graphites have
been obtained to neutron fluences of 2.1 X 1022 nvt. The
complete irradiation results for all the samples are presented
by capsule number in BNWL-1056B, Appendix C. Correction of
neutron fluences are all based on the current calculated acti-

(5)

vation cross sections of the nickel and iron flux monitors.
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TABLE 1.

Graphite Description

BNWL-1056A

Sample . Properties
Scheme Graphitization CTE (25-425C) Resistivity, Young's Modulus, R ©
Block - Figure Manu- Coke Impregnations Forming Temperature, Density, in./in./°C x 106 ohm-cm x 10-4 psi x 10-6 W wm<rwmﬂm5mewm. A
Type Numbers ~Block Size, in. Number facturer Source Type Shape Binder Additive Number Type Method °C Description g/cm3 Transverse Parallel Transverse Parallel Transverse Parallel = c =
CSF 122,136,141,142, 4 x 4 x 50 1 ucc Cleves Petroleum Conventional Coal tar pitch None 1 Coal tar pitch Extruded 2800 Reactor grade, normal bake,
222,233,238 F-purified. 1.66 3.79 1.78 13.3 7.7 0.70 1.58 6.731 513 2.4638 764
TSX 158,160,167,185, 6 x 6 x 48 2 ucc Continental- Petroleum Needle Coal tar pitch None 1 Coal tar pitch Extruded 5000 Reactor grade, N-Reactor
234 Lake Charles graphite, normal bake,
halogen purified,
anisotropic. 1.71 3.99 1.01 12.6 6.0 0.89 2.01 6.734 544 2.4639 847
NC7 NC7 16 3/8 x 16 3/8 x 3 ucc Continental- Petroleum Needle Coal tar pitch None 1 Coal tar pitch Extruded ~2700 Electrode stock, similar to
240 Lake Charles NC8 except larger grain
size. 1.70 6.726 642 2.4610 400
NC8 NC8 17 1/2 x 17 1/2 x 3 ucce Continental- Petroleum Needle Coal tar pitch None 1 Coal tar pitch Extruded 2800 Reactor grade, EGCR
240 Lake Charles graphite, normal bake. 1.72 3.34 1.66 11.0 6.7 0.83 1.50 6.729 516 2.4638 1016
TSGBF 125,225 3 3/4 x 3 3/4 x 1 ucc Texas-Lockport Petroleum Conventional Coal tar pitch None Extruded 2450 Reactor grade, graphitized
48 and F-purified in one step. 1.65 3.80 2.59 19.9 13.8 0.86 1.58 6.762 340 2.4616 542
KC 187 3 3/4 x 3 3/4 x 1 ucc Kendall Petroleum Needle Coal tar pitch None 1 Coal tar pitch Extruded 2800 Reactor grade, AGOT, ther-
48 mally purified, normal bake. 1.73 4.70 1.10 12.4 6.2 0.85 1.39 6.734 515 2.4626 1672
RHM (JOZ) GL-9 1 x2x6 1 (6) GLCC Texas Petroleum Raw None >1 Molded Experimental raw coke
graphite. 1.75 6.11 5.32 9.8 6.731 468 2.4630 568
HPJ GL-10 4 3/16 x 4 3/16 x 1 GLCC Sunray-Tulsa Petroleum Needle Coal tar pitch None None Extruded 2800 Reactor grade, prototype
24 graphite for N-Reactor,
regular particle size mix,
thermally purified. 1.60 3.80 1.22 14.4 7.4 6.719 700 700
HPDA GL-11 4 3/16 x 4 3/16 x 1 GLCC Continental- Petroleum Needle Coal tar pitch None None Extruded 2800 Reactor grade, prototype
24 Ponca City graphite for N-Reactor,
regular particle size mix,
thermally purified. 1.59 3.45 1.15 14.7 7.8 6.712 558 555
vC vC 4 3/8 x 4 3/8 x 12 1 ucc Continental Petroleum Needle Coal tar pitch None 1 Coal tar pitch Extruded 2800 Reactor grade, prototype
graphite for N-Reactor,
AGOT processed, regular
particle size mix. 1.70 3.49 1.10 6.702 740 530
RC RC 2 (diam) x 8 4 ucc Continental Petroleum Needle Coal tar pitch None 1 Coal tar pitch Extruded 2800 AGOT processed, regular
particle size mix. 1,59 1.21 6.698 550 2.462 1310
RX-1 RX-1 2 (diam) x 18 4 ucc Continental Petroleum Needle Coal tar pitch None None Extruded 2900 Laboratory extrusion,
fine mix. 1.62 6.712 590
RX-2 RX-2 2 (diam) x 18 4 ucc Continental Petroleum Needle Coal tar pitch None >1 Coal tar pitch Extruded 2900 Same as RX-1 except
impregnated. 1.63 6.717 710
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TABLE 1. (contd)

Sample Properties
Scheme Graphitization CTE (25-425Cy, Resistivity, Young 's Modulus, _ °
Block Figure Manu- Coke Impregnations Forming  Temperature, ) Umamwwx. in./in./°C x 10° ohm-cm x 10-4 psi x 10-6 M WNNmeHmamwmam. w
Type Numbers Block Size, in. Number facturer Source Type Shape Binder Additive Number Type Method °C Description g/cm Transverse Parallel Transverse Parallel Transverse Parallel = C = a
° ind 63-35 3 diam 4 scC GLCC Petroleum Needle Coal tar pitch None None Extruded 2750 Maximum binder-temperature
2750 °C binder 1 series (See 63-30). 1.47 3.23 1.01 6.728 490 2.4643 1485
2900 °C binder 63-36 3 diam 4 sCC GLCC Petroleum Needle Coal tar pitch None None Extruded 2900 Maximum binder-temperature
series (See 63-30). 1.50 3.45 0.96 23.6 10.2 0.70 1.10 6.726 600 2.4604 705
Max. shrinkage 63-37 3 diam 4 scc Witco Pitch Raw Coal tar pitch Fe .0 None Extruded 2900 Maximum shrinkage experi-
374 mental graphite, normal
bake, thermal purification. 1.63 6.00 3.68 6.744 272 2.4595 505
Raw coke- None None Molded 2500 mxvmawszmmH Hms-n@xm
no binder 63-38 4 x 4 x 6 6 GLCC Texas-Lockport Petroleum Raw None graphite with no binder,
same as 63-19 except 2500 °C. 1.35 6.19 4.82 39.4 31.2 0.41 0.46 6.768 281 2.4610 570
H-205 63-50 4 (diam) x 6 4 (5) GLCC Non-needle Coal tar pitch None 1 Coal tar pitch Molded 2800 Experimental graphite,
normal bake, similar to
UKAEA AGL graphite. 1.75 6.30 5.55 18.3 15.2 6.768 212 2.4613 570
H-309 64-13, 64-13B 4 x 4 x 6 6 GLCC Texas-Lockport Petroleum Calcined Coal tar pitch None None Molded 2500 Coking series (DDR 177),
’ fully calcined coke. 1.55 4.85 3.41 25.5 20.7 0.56 0.56 6.740 286 2.4600>2000
H-313 64-17, 64-17B 4 x 4 x 6 6 GLCC Texas-Lockport Petroleum Raw None None None Molded 2500 Coking series (See 64-13),
raw coke. 1.53 6.10 4.99 14.1 11.8 1.30 1.18 6.740 252 2.4611 995
7808 64-18,65-3 5 (diam) x 12 4 SCC Texas Petroleum Coal tar pitch None 1 Coal tar pitch Extruded 2800 Experimental graphite. 1.81 3,18 2.11 14.8 10.2 1.48 1.75
P03 65-1 7 (diam) x 21 5 pCC Petroleum None None Isostatically 2800 Special, highly impermeable
molded graphite. 1.83 4.09 3.80 22.9 6.751 193
CHN 65-4 4 1/2 (diam) x 12 4 ucc Needle Coal tar pitch None None Extruded >2800 Experimental graphite. 1.85 3.50 2.30
Graphitization 3 7/8 (diam) x None None Extruded 2400 Graphitization temperature
2400 °C 65-5 6 5/8 4 scC SCC Petroleum Needle Coal tar pitch series, normal bake. 1.81 3.00 1.37 25.5 10.1 6.734 256 2.4619 427
Graphitization 3 7/8 (diam) x None None Extruded 3000 Graphitization temperature
woow °C 65-8 7 7/8 4 scc scc Petroleum Needle Coal tar pitch series (See 65-5). 1.83 2.42 0.94 20.1 8.1 6.728 322 2.4614 463
Isotropic 65-9 4 1/2 (diam) x 12 4 ScC ScC Non-Petroleum Green Coal tar pitch None None Extruded 2750 Experimental graphite. 1.91 6.32 4.84 12.7 9.6 1.55 2.28 6.756 213 2.4616 322
No binder 65-11 2 1/4 x 2 3/4 x 4 6 ucc Petroleum Needle Coal tar pitch None None Molded Experimental graphite. 1.64 2.76 1.11 28.1 6.738 298 2.4664 263
JOZ 65-18 7 1/4 (diam) x 5 GLCC GLCC Petroleum Raw Coal tar None 1 Coal tar pitch Molded 2800 noaamﬂn%wp mﬂman Joz
7 1/2 derivative isotropic graphite. 1.72 6.65 5.83 14.8 12.9 1.34 1.37 6.749 256
DS13 65-20 6 x 6 x 3/4 6 pPCC Petroleum None None Molded 2800 High purity special graphite,
66-6 3 3/4 x33/4 x13/4 halide purification. 1.82 5.00 3.76 17.0 13.6 0.42 1.88 6.740 224
RP4 65-21 31/2 x 17 1/2 x 1 SCC ScC Petroleum Complex Coal tar pitch None None Extruded 2800 noSSmwnme wﬂwam isotropic
25 graphite, halide
purification. 1.73 4.85 3.85 10.4 9.1 1.27 1.59 6.735 260
RCS 65-22 31/2 x 17 1/2 x 1 ScC SCC Petroleum Non-needle Coal tar pitch None None Extruded 2800 Isotropic experimental
25 graphite, normal bake. 1.73 5.26 4.88 9.9 9.9 1.36 1.25 6.737 287
GN 65-29 4 1/4 (diam) x 4 BCC Non-needle None Multiple Coal tar pitch Extruded 2650 Nuclear grade, pre-
9 1/2 graphitized coke. 1.87 2.81 1.99 13.7 10.8 1.25 1.74 6.736 262
H-323 65-30 9 1/4(diam) x 6 3/8 4,5 GLCC GLCC Non-needle Coal tar pitch None 1 Coal tar pitch wwmmwmw 2800 Experimental graphite. 1.72 4.90 4.50 13.6 13.0 1.14 1.26 6.747 236
MHLM 65-31 7 3/16 x 7 1/8 x 6 GLCC GLCC Petroleum Non-needle Coal tar pitch None 1 Coal tar pitch Molded 2800 mxwmﬂwawzﬂmp mam@rWﬁmw
5 5/8 gas purification. 1.73 3.55 3.09 11.6 9.4 6.732 320
H-319 65-32, GLY 3 (diam) x 16 7/8 4 GLCC GLCC Petroleum Coal tar pitch None None mwwmwm 2800 Isotropic experimental
P graphite. 1.78 3.54 3.23 10.0 9.2 1.20 1.90 6.732 297 2.458
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BNWL-1056A

All the data tabulated in BNWL-1056B, Appendix C, are
presented graphically in the following subsections or in
BNWL-1056B, Appendix E. To facilitate handling of the large
amount of data involved, a computer program was used for plot-
ting the graphs. For each of the temperature intervals shown,
the computer grouped all the data into neutron fluence inter-
vals of 0.5 x 10%1 nvt (e.g., 0-0.5, 0.51-1.0, 1.01-1.50 etc.).
The mean of the study parameters (e.g., length change, etc.)
and the mean fluences were calculated and then plotted. The
small circled numbers on the graphs next to the data points
indicate the number of individual data points averaged to give
mean values used in constructing the plots. In addition, the
computer calculated a best-fit third-order polynomial curve to
the data. Curve equations tabulated in BNWL-1056B, Appendix D,
are those comprising data points sufficient to be meaningful.
These equations should be useful to engineers and designers
making dimensional change and stress calculations. However,
the equations are not valid for large extrapolations beyond
the last data point.

For the convenience of the reader a duplicate set of all
the graphs for the CSF reference graphite are provided in
BNWL-1056B, Appendix F. These can be easily removed, if so
desired, and used as overlay graphs to provide ready compari-
sons to the behavior of other graphites.

LENGTH CHANGE

The dimensional behavior of the various irradiated
graphites continues to follow the general pattern reported

earlier.(S’S’g)

In the transverse direction, the material
expands very slightly, contracts, goes through a turnaround,
and then expands very rapidly. In the parallel direction, the'
graphites generally contract at an increasing, then a decreas-

ing rate and, as reported herein, also pass through a turnaround
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and expand. Between 300 to 800 °C, the contraction rate decreases
as the temperature increases. The turnaround is reached at
roughly the same fluence for the different temperatures, but

the net expansion after turnaround is greater at 800 °C.

Above 800 °C, graphites contract more rapidly, but reach turn-
around at generally lower fluences and then expand very rapidly.

The length-change data for CSF graphite, considered the
reference graphite, are presented in Figures 1 and 2. In the
transverse direction, CSF graphite behaves in the general man-
ner described above. The contraction rate decreases as the
irradiation temperature is increased from 400 to 800 °C. Turn-
around first occurs at 800 °C, although it occurs at approxi- T
mately 1 x 1022

The general dimensional-change behavior is similar for samples

nvt for all samples in this temperature range.

irradiated at 850 to 1275 °C except that the damage is accel-
erated, and turnaround occurs at a fluence of 4 X 1021 nvt.
The expansion after turnaround increases as irradiation tem-

perature increases.

The behavior of parallel samples follows the same general
trend, except that turnaround occurs at a higher fluence and
at a total contraction nearly four times as large as for
transverse samples for comparable temperatures.

The length-change data for NC8 graphite, a needle-coke
anisotropic material, are presented in Figures 3 and 4. In the
transverse direction, turnaround at 400 to 750 °C again occurs
at about 1 x 1022 nvt. However, the earliest turnaround occurs
at 400 to 475 °C, and the expansion at 400 °C approaches that
at 650 °C. At 1025 to 1075 °C, turnaround occurs at 3 x 1021 nvt
and the expansion rate is very rapid. In the parallel direc-
tion, the 400 to 475 °C data show significantly more contrac-
tion than the 575 to 825 °C data, and turnaround at the higher

temperature occurs at about 2.2 x 1022 nvt. Progressively
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Fast Neutron Exposure, nvt x 10-21, E>0.18 MeV
FIGURE 1. Length Change of CSF Graphite (Transverse).



Length Change, Percent A L/L

-6.0

-7.0

-8.0

-9.0

CSF

BNWL-1056A

300 - 375 1
400 - 475 2
500 - 550 -3
575 - 625 4
650 - 750 5
775 - 825 [
850 - 900 7
925 - 975 8

1000 - 1075 9

1100 - 1175 0

1200 ~ 1275 -

/%

R

*2 4 6

Fast Neutron Exposure, nvt x 10'21, E>0.18 MeV

8 10 12

16

24 26

FIGURE 2. Length Change of CSF Graphite (Parallel).
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FIGURE 3. Length Change of NC8 Graphite (Transverse).

11



Length Change, Percent AL/L

BNWL-1056A

NC8
9.0
|
300 - 375 1
8.0 — 400 - 475 2
500 - 550 3
7.0 — 575 ~-625 4
650 - 750 5
6.0 | — 775 - 825 6
850 -~ 900 T
5.0l 925 -975 8
1000 - 1075 9
1100 - 1175 0
4,0 —
1200 - 1275 -
3.0
2,0
1.0
\;\\
-3.0 \ \
-4.0 3 R
Y |
-5.0 \
-6.0 \ \ \Q\
e [5
> /ﬁ
-7.0
€
-8,0
-9.0
-10.0
0 2 6 8 10 12 14 16 18 20 22 24 26
Fast Neutron Exposure, nvt x 10'21, E>0.18 MeV
FIGURE 4. Length Change of NC8 Graphite (Parallel).
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larger contractions are shown at 850 to 900 °C, 925 to 975 °C,
and 1000 to 1275 °C. At 1000 to 1075 °C, the samples have gone
through turnaround at a fluence of 9 x 10 1 nvt.

The data for NC7 graphite (the prototype for NC8) are
shown in Figures 5 and 6. The most interesting data are for
the 775 to 825 °C sample which, at a fluence of 2.4 x 1021 nvt,

has expanded nearly 20% in the transverse direction.

The data for TSX, the N-Reactor graphite, are presented
in Figures 7 and 8. In the transverse direction, the tempera-
ture effect is not as pronounced in the range of 400 to 825 °C

as for CSF. Turnaround occurs more quickly at 400 °C and at
fluences well below 1 x 1022 nvt. The contraction rates above
850 °C are greater than at 800 °C, but turnaround occurs at
about 3 x 1021 nvt. Behavior in the parallel direction nearly
duplicates that of CSF parallel except that at 925 to 975 °C

considerably more contraction occurs and turnaround has not

been reached at 1 x lO22 nvt.

The length-change data for poorly graphitized TSGBF graphite
are also presented in Figures 7 and 8. Dimensional changes

occur very rapidly in this material. In the transverse direc-
tion, turnaround occurs at a fluence of 5 x 1021 nvt in the
775 to 825 °C range, and at 6 x 10°1 nvt for the 650 to 750 °C

range. However, startling behavior is noted at 925 to 975 °C

where turnaround occurs prior to 3 X 1021

21

nvt and expansion

nvt until at 9 x 1021 nvt

proceeds at a rate greater than 5%/10
an expansion of nearly 35% is reached. In the parallel direc-
tion, the behavior at temperatures of 925 to 1075 °C is most

significant. The samples contract 4.5% by 5 X 1021 nvt, and

yet expand to nearly 14% by 9 x 1021 nvt. These rapid dimen-
sional changes indicate that, for improved dimensional stability,

the materials must be well graphitized.
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FIGURE 5. Length Change of NC7 Graphite (Transverse). .
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FIGURE 6. Length Change of NC7 Graphite (Parallel).
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FIGURE 7. Length Change of TSX and TSGBF Graphites (Transverse).
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FIGURE 8. Length Change of TSX and TSGBF Graphites (Parallel).
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The dimensional behavior of graphites, embodying in the
mix additives removed by graphitization, is shown in Figures 9
and 10. In the transverse direction, 61-70 (VZO3 additive)
expands slightly more than CSF at 925 to 975 °C, while 61-73
(A14C3 additive) expands slightly less. In the parallel direc-
tion, 61-73 contracts more than CSF and 61-70 contracts more
than 61-73. Therefore, additives do not seem beneficial at

“these temperatures and fluences.

The length-change data for five raw-coke graphites are
presented in Figures 11 through 14. The first four materials
(63-16, 63-17, 63-19, and 63-38), by exhibiting nearly the same
behavior in both the transverse and parallel direction, are
shown to be quite isotropic. All these materials tend to
expand rather than to contract, and to show slightly less
length change than CSF transverse samples. The last material
(65-18) behaves quite anisotropically and, in both orientations,
expands more than CSF. In general, these raw-coke graphites
appear to contract somewhat less than CSF but after turnaround
expand about the same or more than CSF, and hence appear to

offer only minor advantages for long-term stability.

The dimensional behavior for the two extremes of the
coking series of graphites is shown in Figures 15 and 16. The
H309 graphite (64-13) was made from a fully calcined coke,
while H313 (64-17) was made from a raw coke. The two materials
show very similar anisotropic behavior. In the transverse
direction, they both expand more rapidly than CSF and, in the
parallel direction, reach turnaround much more rapidly than CSF.

The length-change data for two fairly isotropic graphites
available in large sizes are shown in Figures 17 and 18 (RP4
and RC5). Both materials behave anisotropically under irradia-
tion. RP4 behaves quite similarly to CSF except for the more
rapid turnaround at all but temperatures from 1000 to 1075 °C

18
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FIGURE 9. Length Change of Additive Graphites (Transverse).
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FIGURE 10. Length Change of Additive Graphites (Parallel).
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FIGURE 11. Length Change of Raw Coke Graphites (Transverse).
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in the transverse direction. RC5 in the transverse direction
shows less contraction followed by less expansion than CSF at
temperatures below 975 °C. RC5, at 1000 to 1075 °C, contracts
more than CSF and turns around less rapidly, and at 1100 to

1175 °C behaves almost the same as CSF. Likewise, in the paral-
lel direction at temperatures of 925 to 1075 °C, RC5 contracts
less than CSF and at 1200 to 1275 °C behaves nearly the same.

The dimensional behavior of two other isotropic graphites
which behave very isotropically under irradiation (65-42 and
66-4) is shown in Figures 19 and 20. Both materials show very
small length changes, with 66-4 showing less than 65-42. The
slight expansions are significantly different from the behavior
of CSF. Of all the materials tested, these are the only ones
showing significantly different behavior from the general con-

traction, turnaround, and expansion.

The length-change data for two specialty graphites DS13
and H349 are shown in Figures 21 and 22. The latter contracts
more rapidly in both directions than CSF. 1In the parallel
direction, DS13 goes through turnaround much more rapidly than
CSF. Thus these specialty materials do not exhibit improved

dimensional behavior.

The length-change data for GN, a special nuclear grade
graphite, and MSRE, the graphite used in the Molten Salt Reactor
Experiment, are shown in Figures 23 and 24. The GN graphite
(65-29) reaches turnaround much more rapidly than CSF in both
orientations. The MSRE graphite (65-38) shows a widely diver-
gent behavior by expanding extremely rapidly in the transverse
direction and contracting very rapidly in the parallel direc-
tion. However, this temperature range is above that in the

Molten Salt Reactor Experiment.

The dimensional behavior of the two extremes of a binder-
temperature series of graphite (63-30 and 63-36) and the two
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extremes of a graphitization temperature series of graphites
(65-5 and 65-8) are presented in Figures 25 and 26. A compari-
son of the data shows, for both orientations in both series,
the least contraction in material processed at the higher tem-
perature, thus confirming that contraction is minimized by
higher graphitization temperature. However, expansion begins

at low fluences in relation to CSF graphite.

The length-change data for two experimental graphites are
shown in Figures 27 and 28. The 9567 (65-37) graphite, avail-
able in large sizes of interest for future gas-cooled reactors,

shows anisotropic behavior very similar to that for CSF graphite.

The general turnaround behavior characteristic of all 58
different grades of graphite irradiated under this program is
shown in Figures 29 and 30 for the transverse and parallel
orientations, respectively. The spectrum of graphites repre-
sents a wide variety of cokes, binders, and processing condi-
tions. The shaded areas represent the dimensional change data
for all grades being irradiated. The unbounded margin on the
right side of the parallel bands indicates that not all parallel
samples have yet reached turnaround. However, many parallel
samples within the shaded area have turned around and all
undoubtedly will, but at an exposure higher than that for the
transverse direction. As shown, the damage rate for both
orientations at irradiation temperatures above 800 °C is
appreciébly higher. This transition from the low damage rate
to the higher one takes place over an extremely narrow tempera-
ture range. Within the two temperatures bands, the data are

all grouped closely, especially in the transverse orientation.

In summary the following general observations on length
change can be made:
e Expansion becomes the dominating dimensional behavior in

all directions as neutron fluences are increased.
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e Above 800 °C, dimensions change much more rapidly with
irradiation than at lower temperature.

e Poorly graphitized materials show larger changes than
well graphitized materials.

e Isotropic graphites generally contract less than CSF
and other typical grades.

e Raw-coke graphites generally contract less than CSF and
other typical grades.

e Factors leading to lower contraction may be detrimental
in the long-term because expansions eventually become

controlling.

Effect of Sample Size on Length Change

A number of the 'telephone-dial'" sample holders (see
BNWL-1056B, Appendix B) were measured to obtain additional
"information on the effect of sample size. It has been reported
that large blocks, 4 x 4 x 24 in., contracted approximately
twice that of small 0.43 in. diameter x 4 in. samples,(lo) that
the 0.43 in. diameter x 4 in. samples contracted 20 to 30% more
than 0.262 in. diameter x 1 3/4 in. long samples,(ll) and that
1/8 in. diameter transverse samples contracted more and 1/8 in.
diameter parallel samples contracted less than samples 11/32

to 17/32 in. in diameter.(}2)

Consequently, the lengths
(parallel direction) and diameters (transverse direction) were
measured on the five dials in the H-3-12 (1) and H-3-23 (4)
capsules. The results, as tabulated in BNWL-1056B, Appendix C,
indicate that contractions measured on the 1.7 in. diameter x

2 in. long dials agree with data from the 1/4 in. diameter x

1 3/4 in. long rod samples within the standard deviation of the

measurements on the dials.

Effect of Variation in Irradiation Temperature on Length Change

During the course of these studies, a number of samples
were repositioned in the capsules to determine the effects of
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variations in irradiation temperatures on dimensional behavior.
This behavior is of interest due to the fact that in nearly all
graphite reactors operating temperatures have been increased
after an initial operating period. Transverse and parallel
samples of CSF, NC8, TSX, TSGBF, and RP4 were included. Both
irradiation temperature increases and decreases were investi-
gated. The results, for TSX graphite, are shown in Figure 31
and, for the other samples,.in BNWL-1056B, Figures E7 through
ES9. Each sample is shown by a separate symbol, and the subse-
quent irradiations are connected by segmented lines. The number
by the symbol at the lowest neutron fluence is the irradiation
temperature to that time. The numbers beside the subsequent
symbol are the new irradiation temperature followed by the mean
irradiation temperature in parentheses. The standard length
change data are shown as solid lines with temperature ranges
indicated. Although exceptions were found, the general
behavior indicated that contraction rate changes corresponding
to that of samples irradiated exclusively at the new tempera-
ture accompany irradiation temperature changes, and that the
total contraction is generally between that for samples irra-
diated exclusively at the old temperature and those irradiated
exclusively at the new temperature.

VOLUME CHANGE

Using the length-change data presented in the previous
figures, an analysis of the resultant volume change was made
to give an indication of the bulk behavior of the graphites.
The equation used was:

2
AV AL AL |
Vo - (1 * L“l') X (1 * L"‘Z') 1

where V = volume

L, = length transverse to the extrusion axis or molding
force.

L2 = length parallel to the extrusion axis or molding
force.
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The volume-change curves for CSF graphite are presented
in Figure 32. The isotherms follow a regular pattern in order
of decreasing contraction at low fluences until turnaround is
reached. At 775 to 825 °C, the bulk expansion of nearly 25%

indicates a significant decrease in sample density.

The volume-change data for NC8 graphite (Figure 33) and
for TSX graphite (Figure 34) show large bulk expansions at
fluences of 1 x 1022 nvt for the higher irradiation tempera-
tures. As would be expected from the length change data,

TSGBF graphite (Figure 34) shows very rapid changes from con-
traction to expansion and at 925 to 975 °C shows a remarkable
80% expansion at about 8 x 1021 nvt. Thus, the rapid weakening
of the material at the higher temperatures (see Strength

Section) is not surprising.

The volume changes for RC5 graphite are relatively small
(Figure 35), while those for AXF-8Ql and EP192C HP graphites
shown in Figure 36 are much different from all other graphites.

The general volume-change behavior of all graphites is
shown in Figure 37. As would be expected the data are all
grouped closely within two temperature bands. The two excep-
tions to the general trend at the higher temperatures are

indicated.

COEFFICIENT OF THERMAL EXPANSION

The behavior of the mean coefficient of thermal expansion
(CTE) from 25 °C to 425 °C as a function of neutron fluence is
shown in Figures 38 through 45 and BNWL-1056B, Figures E19
through E34. In CSF transverse graphite (Figure 38), the CTE
decreases and then begins increasing at about the same exposure
where the length is passing turnaround. On the other hand, the
CTE for CSF graphite exhibits little change in the parallel

22

direction up to fluences of 2 x 10 nvt as shown in Figure 39.

Hanford data obtained at approximately 1 x 1021 nvt(ls) indicate
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Volume Change of CSF Graphite.
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an initial increase in CTE, apparently followed by a decrease

back to near the unirradiated value.

The CTE data for NC8 graphite as shown in Figures 40 and
41 exhibit the same general behavior as for CSF, with a decrease
followed by an increase in the transverse direction and little
change in the parallel direction. This same behavior is
observed for the other conventional graphites and the data are
presented in Appendix E.

The changes in CTE for the raw-coke graphites 63-16 and
63-17 are shown in Figures 42 and 43. Both materials show
large decreases in CTE with increasing fluence. This same
decrease (Figures 44 and 45) occurs for the isotropic graphites
AXF-8Q1 and EP192C HP, which showed the significantly different
length-change behavior. This decrease in CTE with increasing
fluence is observed for all raw-coke, isotropic, and specialty
graphites, and the data are presented in BNWL-1056B, Figures E27
through E34.

There appears to be no logical explanation for the observed
increase in CTE after turnaround for the conventional graphites,
since the c-axis is expanding and cracks are being generated in
the material. However, those changes would explain the decrease

in CTE in the raw-coke and isotropic materials.

THERMAL CONDUCTIVITY

Thermal conductivity as a function of temperature was
measured on some samples. Although some of the unirradiated
data previously were plotted too highcs) by a factor of 10,
all have been corrected and are presented in Figures 46 through
50. The unirradiated material shows a decrease in thermal con-
ductivity as the temperature of measurement is increased. Upon
irradiation, the thermal conductivity generally decreases to
less than 0.12 cal/cm-sec-°C and is nearly constant with

increasing measurement temperature.
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ELECTRICAL RESISTIVITY

Electrical resistivity shows a very rapid increase
(between 100 and 200%) at very low neutron fluences. It then
generally levels off at about 25 to 40 x 10_4 ohm-cm in the
transverse direction and at 20 to 25 X 10_4 ohm-cm in the
parallel direction and in a few cases decreases slightly until
dimensional turnaround has been passed. At that point, the
resistivity again increases with increasing fluence. With only
a few exceptions, resistivity is less dependent on irradiation
temperature than the other properties. The data for CSF
graphite and for NC8 graphite are presented in Figures 51
through 54. All graphites, except for 63-38 parallel, DS13
parallel, and MSRE, show the same behavior and all the data
are presented in BNWL-1056B, Appendix E.

YOUNG'S MODULUS OF ELASTICITY

The data on Young's modulus of elasticity as a function
of neutron fluence are shown in Figures 55 and 56 for CSF
graphite. Young's modulus increases between 50 and 100% at
very low neutron fluences for most graphites. After the initial
bulk expansion, the modulus shows only slight changes. The
modulus in the parallel direction is about twice that in the
transverse. That the modulus is somewhat dependent upon tem-
perature is shown, for CSF irradiated graphite, by the largest
increase in moduli at the lowest irradiation temperatures.
The similar behavior of NC8 graphite is shown in Figures 57 and
58.

The Young's modulus for the raw-coke, isotropic, and
specialty graphites is typified by the behavior of 63-16 and
65-18 graphites as shown in Figures 59 and 60. The changes up
to about 4 x 1022

value, and then as fluence increases the modulus tends to

nvt are plus/minus 50% of the unirradiated

increase. Data for the other materials are presented in
BNWL-1056B, Appendix E.
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Young's Modulus of Elasticity, psi x 10
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(Transverse).
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FIGURE 56. Young's Modulus of Elasticity of CSF Graphite
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CRYSTALLITE PARAMETERS

The effect of increasing neutron irradiation on the crys-
tallite parameter, c (the distance between alternate layer
planes), is shown in Figure 61 for CSF graphite. Although
there is a wide scatter in the data, a general increase in C
is suggested. The lower irradiatién temperatures cause the

largest increases.

Data for the apparent crystallite size in the ¢ direction,
Lc’ are all about the same for the various reactor-grade
graphites. All show regular decreases of about 75%, with the
irradiations at lower temperatures generally showing a more
rapid decrease to a value nearly constant for all irradiation

temperatures. The data for CSF are shown in Figure 62.

The effects of increasing neutron fluence on a (the unit
cell dimension in the layer plane) and La (the apparent crys-
tallite size in the a direction) are less conclusive, with a
general decrease suggested. The data for CSF graphite are

presented in Figures 63 and 64.

The crystallite parameter data for the other graphites
are all very similar to those for CSF graphite and are pre-
sented in BNWL-1056B, Appendix E.

STRENGTH

The only strength measurements obtained were reported

(5)

previously and are repeated in Table 2 for completeness.

TABLE 2. Strength of TSGBF Graphite.

Strength, psi

Unirradiated Irradiated(? Change, %
Tensile 1560 180 -88
Compressive 8540 3410 -60

a. Irradiated at 1150 °C to 4.47 Xx 1021 nvt.
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FIGURE 62. Apparent Crystallite Size (L,) of CSF Graphite.
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CONCLUSIONS

The dimensional behavior of the various irradiated
graphites follows the general pattern reported earlier.(s’s’g)
The material expands very slightly in the transverse direction,
contracts, goes through a turnaround, and then expands very
rapidly. In the parallel direction, the graphites generally
contract at an increasing and then at a decreasing rate, pass

through turnaround, and begin expanding.

Data for all graphites may be grouped in two temperature-
dependent bands for each orientation. One is for the tempera-
ture range 300 to 800 °C and the other for the range 900 to
1200 °C. The data within each band are grouped closely. In.
the temperature range of 300 to 800 °C, the contraction rate
decreases as the temperature increases. Turnaround is reached
at about the same fluence for the different temperatures, but
the net expansion after turnaround is greatest at 800 °C for a
given fluence level. Graphites above 800 °C contract more
rapidly, reach turnaround at lower fluences, and then expand
very rapidly. The damage rate for the higher temperature band
is appreciably higher. When the irradiation temperature of a
sample is changed, the contraction rate changes to correspond
to the rate at the new temperature. The total contraction is
between that found for the old temperature and that for the
new temperature.

Graphites which show the least contraction are well
~graphitized, highly crystalline, isotropic materials having a
high CTE. However, these qualities, acting to minimize con-
traction by maximizing the c-axis crystallite growth, tend to
aggravate the ultimate expansion which occurs. Because the
contractions may delay ultimate expansion;at higher fluences,
well graphitized crystalline isotropic gr%phites with low CTE
may be more desirable for long exposure high temperature use.
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The observed changes are believed to be caused by the
interrelated effects of c-axis expansion, a-axis contraction,
crack closure (before turnaround), and creep. The observed
results are from samples less than 1/2 in. in diameter and
4 in. long. Thus, the combined effects may possibly be dif-
ferent for large pieces. However, it is felt that expansion
will ultimately also be the controlling behavior in the large

sizes.

The large expansions observed are shown rather dramatically
in Figure 65. The two CSF samples were originally the same
length but after 2.7 x 1022

sample is nearly an inch longer than the parallel sample.

nvt at 800 °C, the transverse

The bulk volume expansion resulting from the observed
expansion in all directions results in a large decrease 1in
density and nearly a total loss of strength. The effect of
physical changes after turnaround is also exhibited by signifi-
cant increase in electrical resistivity. Thermal conductivity
decreases as a result of irradiation, while the coefficient of
thermal expansion shows an increase for transverse samples of
conventional graphites and significant decreases for both
orientations of raw-coke and isotropic graphites. Young's
modulus of elasticity increases at low neutron exposures,
while the L. decreases and the other X-ray crystallite parame-
ters show considerable scatter.
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