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EFFECTS OF FAST-NEUTRON DAMAGE FROM O TO 42 x 10*® NEUTRONS/CM® ON
THE PHYSICAL PROPERTIES OF NEAR-ISOTROPIC GRADES OF GRAPHITE*

W. H. Cook, C. R. Kennedy, and W. P. Eatherly
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The characterization of property changes in various grades of near-
isotropic, "binderless" grades of grapiite as functions of fluence accumu-
lated at 715°C from 0 to 42 x 102! neutrons/cm® (E > 50 keV) was made.
Generally, the average coefficiénts of thermal expansion (CTE) from 20 to
600°C and the room-temperature values for strengths, fracture strains,
Young's. moduli, shear moduli, and calculated figures of merit (FOM) for

resistance to thermal shock all ultimately decreased with fluence.
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Past and Current Studies

The characterization of property changes
in various grades of graphite as functions of
fluence accumulated at 715°C has been a contin-
uing part of the graphite studies for the Mol-
ten Salt Reactor Program (MSRP). In these
studies, almost all of the specimens, nominally
0.126-in.-1D by 0.400-in.-0D by 0.500-in. long,
have been irradiated in target pin locations in
the High Flux Isotope Reactor (HFIR) at the Oak
Ridge National Laboratory.

The unirradiated {control) data of the
specimens were determired. After they had been
irradiated, their dimensional and volume changes
were determined as functions of the fluence
that they had accumulated. Other postirradia-
tion data such as BET surface area, helium
densities, open-pore porosities, and layer
heights were measured for some grades of graph-
ite. Recently, we have been able to extend
this substantial quantity of experimental work
through funding from the Air Force Materials
Laboratory. These additional data acquired on
the MSRP specimens as functions of accumulated .
fluence are thermal expansivity from room tem-

perature to 625°C and mechanical properties .
measured at room temperature. The mechanical

properties included brittle-ring strengths,
fracture strains, Young's moduli, shear moduli,
and calculated thermal shock resistivities.

The purpose of the studies for the Air
Force Materials Laboratory was to determine if
the raduction of the coefficient of thermal
expansion (CTE) of a high-strength, near-
isotropic grade of graphite by neutron damage

would improve the relative thermal shock Tesis—a.

tance of graphite.

Materials

For this study, graphite grade AXF was
chosen because of its near isotropy and high-
strength properties. We included in this study
other near-isotropic grades; principally, grades
AXE-5QBG-3 (grade AXF-5QBG fired at 3000°C for
1 hr), H-395, and P-03, to acquire additional
information associated with the aercspace appli-
cations and nuclear reactors such as the Molten-
Salt Breeder Reactors (MSBRs) and High-Tempera-
ture Gas-Cooled Reactors (HTGRs). All of these
are of "binderless'" grades of graphite and all
tend to have relatively uniform distribution of
small pores except for grade P-03. Thg porosity
de cens
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Tests

For the AFML/MXS work, we used:the*
specimens that were nominally 0.126 in.
0.400 in. OD % 0.500 in. long that had be
irradiated in the High Flux Isotope Reac
(HFIR) at 715°C to various fluences.up t

high as 42 x 102! neutrons/cm® (E > 50 ke

The initial (Young's) and shear moduli we
determined on these existing specimens b
sonic techniques. The thermal expansion
ties of the specimens in the directions
their axes of rotation were determined f
room temperature to 625°C in a quartz dil
eter. These measurements concluded the n
sary nondestructive testing of the specim
The flexural strength tests were destruct:
and were obtained using the brittle-ring
nique. S

Property Changes as Functions of Fluence’

The maximum accumulated fluence for
AXF is 34 x 10*! neutrons/cm®; those for
other grades are 23 to 42 x 10*! neutrons
These fluences are 1.5 to 2.5 times tha

rently attained by other investigators foif

these grades of graphite. The volume cha
of these grades of graphite are plctted
previously.’s? R,

To avoid annealing out any of the-n
damage acquired by the specimens at the.
tion temperature of 715°C, the maximum -t
ture permitted in the quartz dilatometer
the thermal expansivity determinations:
specimens was 625°C. The average coeff]
of expansion (CTE} values for 20 to 600°
plotted versus fluence show that the res
the neutron damage produced similar chan
these grades of graphite. All show an
and then a decrease in magnitude that ap
to saturate between approximately 3 to 4
°c-! for all fluences greater than 20 x
neutrons/cm® and continues this way at 1
through 40 x 10*! neutrons/cm®. In stud
for fluences through 8 x 10*' neutrons/c!
acquired at 400 to 700°C, Pitner® also_
the initial CTE increase with fluence in
ite grade AXF-8Ql, a slightly more graph

form of grade AXF. In our study, the ch '

in the average CTE values for grades AXF
5GBG-3, H-395, and P-03 versus fluence s
that the maximum CTE increases ranged rio
20 x 10%? neutr
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Tests

For the AFML/MXS work, we used the MSR
specimens- that. were nomlnally 0.126 in. ID x
0.400 in. OD x 0:500 in. long that had been
1rrad1ated in the High Flux Tsotope Reactor
(HFIR) at 715°C to various fluencee up to as
high as 42 x 10* neutrons/cm® (E > 50 keV).

The initial (Young's) and shear moduli were
determined on these existing specimens by ultra-
sonic techniques. The thermal expansion proper-
ties of the specimens in the directions of

their axes of rotation were determined from
room temperature to 625°C in a quartz dilatom-
eter. These measurements concluded the neces-
sary nondestructive testing of the specimens.
The flexural strength tests were destructive

and were obtained using the brittle-ring tech-
nique.

Property Changes as Functions of Fluence

The maximum accumulated fluence for grade
AXF is 34 x 10*' neutrons/cm?®; those for the
other grades are 23 to 42 x 10*! neutrons/cm?.
These fluences are 1.5 to 2.5 times that cur-
rently attained by other investigators for
these grades of graphite. The volume changes

of these grades of graphite are plotted as func-
tions of fluence and have been reported
prev1ously

To avoid annealing out any of the neutron
damage acquired by the specimens at the irradia-
tion temperature of 715°C, the maximum tempera-
ture permitted in the guartz dilatometer during
the thermal expansivity determinations for. the
specimens was 625°C. The average coefficient
of expansion (CTE) values for 20 to 600°C
plotted versus fluence show that the results of
the neutron damage produced similar changes in
these grades of graphlte. All show an increase
and then s decrease in magnitude that appears
to saturate between approximately 3 to 4 x 107°
°C~! for all fluences greater than 20 x 10%?*
neutrons/cm® and continues this way at least
through 40 x 102* neutrons/cm®. In studies
for fluences through 8 x 103? neutrons/cm .
acquired at 400 to 700°C, Pitner® also found
the initial CTE increase with fluence in graph-
ite grade AXF-8Ql, a slightly more graphitic
form of grade AXF. In our study, the changes .
in the average CTE values for grades AXF, AXF-
5QBG-3, H-395, and P-03 versus fluence show
that the maximum CTE increases ranged nominally
from 10 to n50%. Beyond 20 ¥ 10?! neutrons/em?

- the CTE values for all grades except grade P-03
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" The characterization of property changes
fEvarious grades of graphite as functions of

bence accumulated at 715°C has been a contin-
bg part of the graphite studies for the Mol-
A Salt Reactor Program {MSRP). In these
hdies, almost all of the specimens, nominally
§26-in.-ID by 0.400-in.-0D by 0.500-in. long,
je been irradiated in target pin locations in
b High Flux Isotope Reactor (HFIR) at the Oak
fige National Laboratory.

he uuirradiated (control) data of the

ns were determined. After they had been
radiated, their dimensional and volume changes
;determlned as functions of the fluence

t they had accumulated. Other postirradia-
n data such as BET surface area, helium
psities, open-pore porosities, and layer
dghts were measured for some grades of graph-
~ Recently, we have been able to extend
substantial quantity of experimental work
ugh funding from the Air Force Materials
ratory. These additional data acquired on
MSRP specimens as functions of accumulated
lence are thermal expansivity from room tem-
jature to 625°C and mechanical properties
psucted at room temperature. The mechanical
ppertias included brittle-ring strengths,
ture strains, Young's moduli, shear moduli,
calculated thermal shock resistivities.

-~ The purpose of the studies for the Air
rce Materials Laboratory was to determine if
e Treduction of the coefficient of thermal
pansion (CTE) of a high-strength, near-
ptropic grade of graphite by neutron damage
uld improve the relative thermal shock resis-
vce of graphite.
verials
~For this study, graphite grade AXF was
en because of its near isotropy and high-
rength properties. We included in this study
fher near-isotropic grades; principally, grades
F-5QBG-3 (grade AXF-5QBG fired at 3000°C for
gEhr), H-395, and P-03, to acquire additional
fformation associated with the aerospace appli-
gtions and nuclear reactors such as the Molten-
@1t Breeder Reactors (MSBKs) and High-Tempera-
re Gas-Cooled Reactors (HTGRs). All of these
of "binderless'" grades of graphite and all
pnd to have relatively uniform distribution of
pll pores except for grade P-03. The porosity
T grade P-03 appears to be larger and concen-
lated between large particles.

. NOTICE

. 4 This report was prepared as an account of work
e sponsored by the Vnited States Government. Neither
] the United States nor the United States Energy
I} Research and Development Administration, nor any of
[l their employees, nor aey of their contractors,
ubcentractors, of their employees, makes uany
j vourranty, expross or implied, or assumes any legal
M tiability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, preduct or
B process disclosed, or represents that its use would not
infringe privatcly owned rights.

For the AFML/MXS work, we used the MSR
specimens that were nominally 0.126 in. ID x
0.400 in. OD x 0.500 in. long that had been
irradiated in the High Flux Isotope Reactor
(HFIR) at 715°C to various fluences up to as
high as 42 x 10! neutrons/cm® (E > 50 keV).

The initial (Young's) and shear moduli were
determined on these existing specimens by ultra-
sonic techniques. The thermal expansion proper-
ties of the specimens in the directions of

their axes of rotation were determined from

room temperature to 625°C in a quartz dilatom-
eter. These measurements concluded the neces-
sary nondestructive testing of the specimens.
The flexural strength tests were destructive

and were obtained using the brittle-ring tech-
nique.

Property Changes as Functions of Fluence

The maximum accumulated fluence for grade
AXF is 34 x 102! neutrons/cm?®; those for the
other grades are 23 to 42 x 102! neutrons/cm?.
These fluences are 1.5 to 2.5 times that cur-
Tently attained by other investigators for
these grades of graphite. The volume changes
of these grades of graphite are plotted as func-
tions of fluence and have been reported
previously.?

To avoid annealing out any of the neutron
damage acquired by the specimens at the irradia-
tion temperature of 715°C, the maximum tempera-
ture permitted in the quartz dilatometer during
the thermal expansivity determinations for the
specimens was 625°C. The average coefficient
of expansion (CTE) values for 20 to 600°C
plotted versus fluence show that the results of
the neutron damage produced similar changes in
these grades of graphite All show an increase
and then a decrease in magnitude that appears
to saturate between approximately 3 to 4 x 10™°
°c=! for all fluences greater than 20 x 103%?
neutrons/cm® and continues this way at least

through 40 x 10*! neutrons/cm®. In studies

for fluences through & x 10*?! neutrons/cm R
acquired at 400 to 700°C, Pitner® also found
the initial CTE increase with fluence in graph-
ite grade AXF-8Ql, a slightly more graphitic
form of grade AXF. In our study, the changes
in the average CTE values for grades AXF, AXF-
5QBG-3, H-395, and P-03 versus fluence show
that the maximum CTE increases ranged nominally
from 10 to ~50%. Beyond 20 x 102! neutrons/cm?
the CTE values for all grades except grade P-03

x'f}search sponsored by the Energy Research and Development Adminisiraticn under contract with the
mion Carbide Corporation and the Air Force Materials Laboratory/MXS of the Wright-Patterson AFB.

:

ST gt
Loby il




decreased to within a range of 40 to 60% of
their initial values. Grade P-03 returned to
only slightly less than its original value with
the suggestion that it is slowly decreasing
with fluence.

The greatest reduction in CTE value was
that of approximately 60% for grade AXF. For
essentially the same grade of graphite, AXF-Ql,
Pitner repcrted a CTE decrease approach1ng 80%
for a fluence of 16 x 102! neutrons/cm® accumu-
lated at 1100 to 1300°C (ref. 4). It will be
shown later by our studies that these decreases
are also accompanied by other changes in the
materials that offset the beneficial effects of
these CTE reductions on thermal shock resis-
tances.

The differences in the nature of the prin-

cipal four grades of graphite are more clearly
apparent in the studies of their mechanical
properties as funations of fluence. The brit-
tle ring strength values and their changes as
functions of fluence show that the neutron dam-
age up to about 5 x 10! neutrons/cm?® increases
the strengths of grades AXF-5QBG-3 and P-03 by
15 and 30%, respectively, and then the strengths
of both decrease with additional fluence. Grade
AXF has a steady decrease. All three have 30

- to 50% strength decreases in the 30 to 40 x 103%

neutrons/cm? range. Grade H-395 has a surpris-
ingly different behavior in that its strength
continuously increases by as much as 30% at

23 x 10*? neutrons/cm®. Since its CTE values
appear to have decreased sharply beyond

10 x 10** neutrons/cm? and the change in strain
beyond this fluence (discussed below) appears
to be saturating, one suspects thai the voids
caused by irradiation may be smaller and more
numerous than those in the other grades. That
is — the critical flaw for fracture is remain-
ing small.

The neutron damage appears to have caused
immediate and continuous decreases in the frac-
ture strains for all four grades of graphite by
60 to 85% for the terminal values of the
fluences of these studies. The actual fracture
strains for all at the highest fluences fall
within the narrow range of 0.18 to 0.23%. The
fracture strains appear to be the most serious-
ly altered property of the four grades of graph-
ite studied.

Young's moduli for grades AXF, AXF-5QBG-3,
H-395, add P-03 versus fluence accumulated at
715°C extend these data to >40 x 102? neutrons/
cm® for isotropic grades of graphite, more than
twice that of previous work. ® The results sug-
gest that in the vicinity of 40 x 102! neutrons/.
cm® that Young's moduli rates of increase with
fluence are slowing and/or saturating for
grades AXF-5QBG-3 and H-395 for increases of
about > 300%. One may anticipate that this
will happen soon for grade AXF with addltlonal

. similar manner. These maxima occur

* harmful changes in the mechanical prop
__these grades of graphite relative to th

increase and subsequent loss from neutron
age. This is probably a stronger functid
the way this grade was fabricated than ti§
nature of the material used in its fabrig
In it, relatively large particles are boy
together with a small volume of porous mg
The relative smallness of volume.of ma

thén~generati6h of porosity by t
damage.

Graphite grades AXF and AXF-5Q
a like manner 1n that their shear 0

fluence and then, at different ma
accumulations, decrease parabolical

AXF-5QBG. The change in shear mcdu o
AXF-5QBG-3 versus fluence would be s
that of grades AXF and AXF-5QBG sinc
previous properties of grade AXF-5QBG-
been similar to those of grade AXF. A
might expect, the decreases in the chan
shear moduli versus fluence following t
respective maxima for all four graphite
have reasonably direct relationships: to
neutron~-induced volume changes.

Figures of merit (FOM) for thermal:
resistances calculated as functions of -
using the ratios of the fracture strai
average CTE values show that the FOM va
decrease with fluence for all four gr
graphite. The decreases are about 30% :
grades AXF and H-395 and 65% for grades
and AXF-5QBG-3. The reductions in aver:
values by neutron damage, as descrlbed
were accompanied by unfavorable ratios o

shock resistances.

Conclusions

The reduction of the CTE values of
high-strength, near-isotropic grade AXF
by neutron damage does not improve the:
lated thermal shock resistance of this
In fact, the higher fluences are harmfu
of the parameters of the principal four
of graphite with two exceptions; the C
grade P-03 returns to approximately i
nal value and the strength of grade H-39
still increasing at a fluence of 23 » 1(8
neutrons/cm*. Otherwise, within the 1in
this study, at the higher fluences the '§
changes increase at a relatively high r§
the physical properties values decrease
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nature of the material used in its fabrication,
In it, relatively large particles are bound
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‘“1 Graph1te grades AXF and AXF -5QBG behave in
a like manner in that their shear moduli: in-
crease at essentially the same linear rate with
fluence and then, at different maxima of fluence
accumulations, decrease parabollcally in-a
. s1m11ar manner.”” These maxima occur at about
33, 8vx‘103‘ neutrons/cm? ;for gradcs AXF and

been s1m11ar to those of grade AXF As one
might expect, the decreases in the changes of
shear moduli versus fluence following their
respective maxima for all four graphite grades
have reasonably direct relationships to their
neutron-induced volume changes.

Figures of merit (FOM} for thermal shock
resistances calculated as functions of fluences
using the ratios of -the fracture strains to the
average CTE values show that the FOM values
decrease with fluence for all four grades of
graphite. The decreases are about 30% for
grades AXF and H-395 and 65% for grades P-03
and AXF-5QBG-3. The reductions in average CTE
values by neutron damage, as described ahove,
were accompanied by unfavorable ratios of

- harmful changes in the mechanical properties of ___

_ these grades of graphite relative to thermal
~ shock resistances

Conclusions

‘The reduction of the CTE values of the
high-strength, near-isotropic grade AXF graphite
by neutron damage does not improve the calcu-
lated thermal shock resistance of this graphite.
In fact, the higher fluences are harmful to all
of the parameters of the principal four grades
of graphite with two exceptions; the CTE of
grade P-03 returns to approximately its origi-
nal value and the strength of grade H-395 is
still 1ncreas1ng at a fluence of 23 x 103*?
neutrons/cm®. Otherwise, within the limits of
this study, at the higher fluences the volume
changes increase at a relatively high rate and
the phy51ca1 propertigs values decrease.
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- ‘The neutron damage appears to have caused
pmediate and continuous decreases in the frac-
ure strains for all four grades of graphite by
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Graphlte grades AXF and AXF- SQBG behave in
a like manner in that their shear moduli in-
crease at essentially the same linear rate with
fluence and then, at different maxima of fluence
accumulations, decrease parabolically in a
,1m11ar manner. These maxxmn occur at about
des AXF and ;

previous pertics of gra ¢ AXF- SQBG -3 have
been similar to those of grade AXF.: 'As one
nmight cxpgc;,,the decreases in the: change; of
shear moduli versus fluence following their
respective maxima for all:four graphite grades
have reasonably-direct relationships to their
neutron-induced volume changes.

Figures of merxt ¢ 0“) for thermal shock
resistances calculzted as functions of fluences
using the ratios of the fracture strains to the
average CTE values shew that the FOM values
decrcase with fluence for all four grades of
graphite: The decreases are about: 30%-for
grades AXF and H-395 and 65% for grades P-03
and AXF-5QBG-3. The reductions in average CTE
values by neutron damage, as described above,
were ‘accompanied by unfavorable ratios of

* harmful changes in the mechanical properties of
~ these grades of grazphite relative to thermal

shock resistances.

Conclusions

The reductior of the CTE values of the
high-strength, near-isotropic grade AXF graphite
by neutron damage does not improve the calcu-
lated theérmal shock resistance of this graphite.
In fact, the higher fluences are harmful to all
of the parameters of the pr1nc1pa1 four grades
of graphite with iwo exceptions; the CTE of
grade P-03 returns to approximately its orxgx-
nal value and the strength of grade H-395 is
still increasing at a fluence of 23 x 10** =
neutrons/cm*. Otherwise, witliin the limits of
this study, at the higher fluences the volume
changes increase at a relatively high rate and
the physical properties values decrease.
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