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NEUTRON IRRADIATION EFFECTS ON
CARBON AND GRAPHITE CLOTHS AND FIBERS

W. J. Gray

4 geries of cloth and fiber samples were irradiated to fluences of 3.9,
1 =2
7.3, and 10 x 102 em

radial direction ranged from -19% to +33% and in the axial direction from

at 470°C. Dimensional changes of the fibers in the

-18% to -27%, roughly ten times greater than dimensional changes found for
typical nuclear graphites. Despite these large dimensional changes, all
but one of the 2-dimensional cloths remained essentially unchanged in over-
all physical appearance. The 3-dimensional cloths, on the other hand,
deteriorated apparently because these types of weaves were less able to

accommodate the large axial fiber shrinkages.

INTRODUCTION

Carbon or graphite cloth has been suggested for use in fusion reactors
(1,2) Thin cloths would
minimize high-Z impurities within the plasma by providing a barrier which

between the plasma and the first structural wall.

would prevent ions and neutral atoms from striking the wall, and they

would keep neutron-sputtered high-Z atoms from entering the plasma. Thick
cloths would serve the additional function of slowing down the high-energy
neutrons thereby reducing radiation damage, particularly helium production,

in the first structural wall. The concept of using a low-Z liner to minimize
high-Z impurities in the plasma is valid whether one uses cloths or solid slabs
of graphite or other low-Z materials.

While the amount of neutron irradiation data on solid graphites is very
extensive (e.g., refs. 3-8), it is almost nonexistent on carbon or graphite

cloth. A few papers (e.g., refs. 9-13) deal with structural and mechanical

21 -2,

property changes of cloths at maximum fluences up to ~1 x 10 em~

*A11 fluences ?ﬁﬁ)quoted in terms of "Equi¥?1en§ Fission Fluence for Damage
cm”

in Graphite." A fluenc of 1.01 x 10 produces one displacement
per atom (dpa) in graphite.!15



Dimensional cnhanges will probably be the most important for fusion reactor
applications, however, and there is only one paper(]s) where dimensional
changes of irradiated fibers have been reported. In that work, where three
types of fibers were irradiated, the extreme case was for Thornel-50S whose
diameters inc-eased about 50% after irradiation to ~1.5 x 102] 2

cm © at
400-700°C.

Obviously a great deal of irradiation data measured under fusion reactor
conditions (temperatures up to 2000°C and fluences at least up to 1 x 1022cm-
and perhaps a factor of 5 to 10 higher) will be required to determine whether
“any of the various fibrous materials will be suitable for such applications.
As a start on obtaining these data, three series of cloths and fibers were
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irradiated in EBR-II in three different capsules to fluences of 3.5, 7.3, and
10 x 102 en2
ear]ier.(]7)

at 470°C. Results from the first of these capsules were reported
The present paper constitutes the final report on these irradiations
and includes ~esults from all three capsules.

EXPERIMENTAL

The preparation and properties of fibrous carbon and graphite materials
have been described by Kulcinski et a1.(1) Briefly, the preparation involves
the controlled thermal conversion (pyrolysis) of precursor organic fibers to
residual carbonaceous material. Organic precursors typically used are either
rayon or polyacrylonitrile (PAN). More recently, pitches have been used as
precursors.(]S) The pyrolysis may be done on a pre-woven cloth or, alternatively,
the fibers may be pyrolyzed prior to the weaving of the cloth. Materials
referred to as carbons are produced by pyrolysis at relatively low temperatures,
31000°C. Graphite products result from an additional step in which the temp-
erature is raised to 2000°C or more. Cloth may be either 2- or 3-dimensional.
The former is a relatively thin single layer of fabric prepared by some type
of simple under and over weave. The much thicker 3-D materials, schematic
diagrams of which are shown in Figure 1, are prepared by means of specialized
looms; those used in this study were ~1/2 inch in thickness.

Table I lists the materials irradiated in this study, all of which were
obtained courtesy of McDonnell Douglas Astronautics Company-East. Cloth
samples 1-4 from the first (lowest fluence) irradiation were returned to
them for degassing measurements following postirradiation examination at PNL.
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TABLE I.

Materials Description

(a)

CLOTHS:
Weave
Before
Sample Material 2- or 3- or After
No. Type Precursor Type Dimensional Pyrolysis Type
1 Thornel-50 Rayon Graphite 2 After 8-Harness Satin
2 GSGC-2 Rayon Graphite 2 Before Square
3 WCA Rayon Graphite 2 Before Square
4 GSCC-2 Rayon Carbon 2 Before Square
5 Thorne1-400 PAN Carbon 3 After Orthogonal
6 Thorne1-400 PAN Carbon 3 After Angle Interlock
FIBERS:
Sample Material Crystal
No. Type Precursor Type Orientation
1 Thornel-50S Rayon Graphite High
(WYH-140 1/2)
2 GSGY-2 Rayon Graphite Low
3 WYB-85 1/2 Rayon Graphite Low
4 GSCY-2 Rayon Carbon Low
5 Thorne1-400 PAN Carbon Moderate
(WYM-30 1/0)
6 Type A PAN Carbon Low
7 VSA-11 Pitch Graphite High
Thornel-75S Rayon Graphite Very High
(WYJ-160 1/2)
C-20 Rayon Carbon Low
10 Thornel1-300 PAN Carbon Moderate
(WYP-30 1/0)
11 VYB-70 1/2 Rayon Carbon Low

(a) Fibers in cloth samples 1-6 are the same as fiber samples 1-5 with
the exception of the #3 samples where the cloths and fibers are
similar but not identical.



Due to limited reactor space, samples were limited to ~1/2 inch diameter.
Therefore, 2-D cloth discs ~1/2 inch in diameter were cut out, and the edges
of these were bound lightly with a carbonaceous cement to minimize fraying.
This technique didn't work well for the 3-D cloth samples. Therefore, 1/2 inch
diameter cylinders of the 3-D cloths were cut out using a tool similar to a
cork borer, end the samples were pushed directly out of the tool into graphite
cylindrical <ample holders. In addition to the cloth samples, portions of
11 different types (only 9 types were placed in the first capsule) of

individual yarns containing up to ~200 fibers each were mounted, Tike spokes
" on a wheel, cn carbon discs.

Pre-irradiation characterization of the cloth samples consisted of a
series of micrographs at various magnifications taken both optically and with
a scanning electron microscope (SEM). The intent of these pictures was to
allow both a visual comparison before and after irradiation, as well as a
means to determine dimensional changes. In addition to the pictures, pre-

irradiation density and BET surface area measurements were made on the 2-D
cloths.

Pre-irradiation characterization of the fiber samples again consisted
of a series of micrographs at various magnifications. In addition, small
carbon dots were deposited on individual fibers to serve as fudicial marks
for length-change measurements. The dots were deposited with the SEM as
described by Bunne]].(]g)

A series of samples such as described above was placed into each of
three differaent subassemblies which in turn were placed in three different
Hanford Engineering Development Laboratory capsules for irradiation in
EBR-II. Since this was a piggyback experiment, irradiation temperatures
could not be tailored. Furthermore, the capsules were uninstrumented and
temperatures had to be calculated. Internal heat generation in these
subassemblies was quite low; therefore, the samples ran only a few degrees
above the sodium coolant temperature in the reactor which was known to be
425 + 25°C. Thus, sample temperatures were calculated to be in the range

21 -2 (20)

400-500°C. The fluences of 3.5, 7.3, and 10 x 10° cm “~ were determined,



using dosimetry previously done for a similar position in EBR-II, and apply

to the individual fibers and 2-D cloth samples. The 3-D cloth samples experienced
fluences about 17% higher in each capsule. As noted ecarlier, all fluences are
quoted in tarms of "Equivalent Fission Fluence for Damage in Graphite.“(]4)
Based on the current atomic displacement cross sections as a function of
neutron energy, a fluence of 1.01 x 102cm—2 produces one displacement per
atom (dpa) in graphite independent of the neutron energy spectrum.(]S’Z])
Atomic displacement cross sections used at present are derived from theoretical
models. An experiment designed to verify (or adjust) the theoretical cross
sections for neutron energies up to ~15 MeV is nearing completion and the

results will be published short]y.(zz)

RESULTS AND DISCUSSION

FIBER AXIAL LENGTH CHANGES

Fiber length changes were determined only on the 2-D cloth samples
using Tow-magnification pictures such as those shown in Figures 6, 9, 12
and 15. Two methods were used: 1) length measurements were made wherever
both ends of a given yarn were clearly visible both before and after
irradiation, and 2) the areas of the cloths were measured with a Quantamet-720
quantitative image analyzer, and lenqths (cloth diameters) were calculated.
Only the first method was used on samples from the first capsule. Length
changes determined by the first method were different in the orthogonal
directions "W" and "F". Careful examination of Figures 6, 9, 12 and 15
reveals that there are more yarns perpendicular to the "W" direction than
there are perpendicular to the "F" direction. Table II shows the length
changes were generally greater in the "F" direction. Perhaps this is due
to greater frictional restraint in the "W' direction as the cloths shrink
and close up the gaps between yarns. Gap closure wouid aiso occur sooner
in the "W" direction. If this hypothesis is valid, the "F" values in
Table II may be more indicative of restraint-free shrinkage and, where avail-
able, these are the values that are plotted in Figure 2. Failure to recognize
the shrinkage difference in the two directions led to results reported ear11er(]7)
for samples from the first capsule that are different from those given here.
The "A" values in Table II lie closer to the "W" than the "F" values. Seemingly



(a,b)

W and F values are for the two orthogonal directions in the cloth; A values are taken from area

measurements.

See text for additional explanations.

TABLE II. Axial Shrinkages of Fibers in Graphite and Carbon Cloths Irradiated at 470°C
Shrinkaye (%)
Cloth 3.5 x 10°"em™2 7.3 x 10° em™? 10 x 1087 em™
Type W F W F A F | A
1 Thornel-50 | 8.1 %1.0 (c) :20.1 £1.2 (c) 1 19.0 0.3 (c (c) i 26.7 0.4
2 GSGC-2 8.6 +0.3 8.4 £1.1 ' 12.1 +1.21 14.5 10.8i 12.8 £1.0 | 14.9 17.8 11.29 14.8 +1.1
; ‘ : !
3 WCA 5.1 +0.6 | 8.2 £0.5 ! 13.0 +2.3! 14.8 0.8 12.5 20.5 | 13.6 { 22.0 +1.116.8 0.4
i ; ! : !
4 GSCC-2 6.3 x0.31 7.1 x0.2 | 12.9 i].O{ 14.5 +0.3; 12.3 +0.2 i 17.4 18.7 1.8 17.4 +1.4
i i | |

Uncertainties listed are two times the standard deviations of the percentage differences between
irradiated and unirradiated lengths.

A11 yarn ends in this direction were obscured thereby preventing length measurements; see text.




they should Tie in between and because they do not, probably imply a slight bias
in one measuring»method or the other. The direct measurements, "W" and "F",
seem less subject to error than the area measurements, "A". Finally, the length
changes measured by either method could be partially attributed to increased
fiber curvature but, with the exception of Thornel-50 which appears to have
become somewhat kinky, that doesn't appear to be the case.

The fudicial marks placed on the fiber samples with the SEM as described
earlier apparently were totally destroyed during irradiation thereby precluding
any length measurements on the fiber samples.

A1l of the axial dimensional changes observed, as well as at Teast some
of the radial dimensional changes discussed below, are quite large when

(7,23,24) under

compared with changes observed in typical nuclear graphites
similar conditions as shown in Figure 3. This figure shows dimensional-
change data as a function of fluence for a typical nuclear graphite at a
variety of temperatures merely to show the effect fluence and temperature
can have. These data should not be construed to imply that cloth dimensional
changes will vary with temperature and fluence in a similar fashion. A
complete picture of the irradiation behavior of cloth can only be determined

through additional irradiation tests.

FIBER DIAMETER CHANGES

The fiber samples were remounted after irradiation so that they could
be viewed in cross section for the purpose of looking at both fractured
and polished end surfaces. The latter were used to determine changes in
cross sectional areas. The fibers proved to be very difficult to handle
following irradiation, and only five different types from the first capsule
were successfully remounted. Fibers from the second capsule were lost
during capsule disassembly. All eleven types of fibers from the third
capsule were successfully remounted.

A typical example of polished cross-sections of rayon-based fibers is
shown in Figure 23 and of PAN-based fibers in Figure 24. The variation in
cross-sectional area from one fiber to another is typical of all 11 types
of fibers. A second observation is typical of all types of fibers except
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the one shown in Figure 22 (to be discussed later). That is, irradiation
has caused 10 noticeable change in appearance such as shape, cracks, pores,
etc.

Cross sectional areas of 15 to 90 unirradiated fibers of each type
were measured and compared with areas measured on 3 to 35 irradiated fibers.
In each case, the cross sectional areas were converted to circles of
equivalent areas, and Table III 1ists changes in mean equivalent fiber
diameter. Differences between the diameter changes listed here for samples

21 2) and those reported ear]ier(]7)

from the first capsule (3.5 x 10° cm™
“are due to a new set of micrographs taken with much sharper definition of

the fiber edges which should produce more reliable data. The uncertainties
listed are based on the variance of the different sample populations.
Although the listed uncertainties are rather large, measurements on different
populations of the same fiber type indicated that the real uncertainties
might be even larger. To get a better feel for this, three different samples
of each of three different types of unirradiated fibers were measured. The
results shown in Table IV reveal differences at the 95% confidence level

of up to 8% in mean equivalent diameter between different populations of

the same fiber type. Thus, it can be stated with certainty only that
diameter changes occurred at the highest irradiation level for fiber types

1, 7, 10 and 11. The internal cracks, or holes in fiber No. 7 (type VSA-11)
shown in Ficure 22b were discounted for the purpose of determining its

diameter change.

Fiber No. 8 (Thornel-75S) is similar to fiber No. 1 (Thornel-50S)
except that it is even more highly oriented. Thus, it seems that its
radial swelling should have been at least as large. The fact that only
one Thornel-75S fiber was successfully remounted for examination makes it
impossible to determine whether or not this was true.

The only previous work where a direct comparison with the present
data is possible is due to Peggs(]s) who found that Thornel-50S fibers swelled
~50% in the radial direction after irradiating to ~1.5 x 102]cm-2 at 400-700°C.
For both Peggs' and the present data to be correct, the fibers would first

have to swell, then shrink back to about normal size, and then swell again.



TABLE ITI. Mean Equivalent Diameter Changes of Irradiated Fibers

. gy (@)
Fiber Diameter Change (%)

No.  Type 3.5 x 10°Tem™® 10 x 102" em”
1 Thornel-50S -3.1 £3.2 +30.6 +2.3
(WYH-140 1/2)
2 GSGY-2 -5.5 2.4 - 3.6 3.6
3 WYB-85 1/2 -0.4 +2.4 - 6.7 6.6
4 GSCY-2 - 6.8 £1.9
5 Thornel-400 - 4.2 £2.8
(WYM-30 1/0)
6 Type A -5.5 £2.3 + 0.3 £3.2
7 VSA-11 +32.9 +£8.0
8 Thornel-75S - 5.0(b)
(WYJ-160 1/2)
9 (-20 -0.7 #2.2 - 4.0 1.4
10  Thornel-300 -15.8 2.9
(WYP-30 1/0)
11 VYB-70 1/2 -19.3 4.1

Uncertainties listed are two times the standard deviations of the
percentage difference between irradiated and unirradiated mean diameters.
See text for discussion of additional uncertainties.

Only one irradiated fiber measured.



TABLE IV. Mean Equivalent Diameters of Selected Unirradiated Fibers

Fiber No. of Fibers Mean Equivalent Standard Deviation
No. Type Measured Diameter, um O0f Mean

1 Thornel-50S 78 6.43 0.03
(WYH-140 1/2)

68 6.49 0.03

87 6.33 0.02

3  WYB-85 1/2 57 8.35 0.06

49 8.09 0.08

36 8.77 0.08

8 Thornel-75S 55 8.93 0.05
(WYJ-160 1/2)

51 9.38 0.04

61 9.01 0.04

Such behavior, although with considerably smaller total changes, has been
observed(zs) in one type of graphite (AXZ-5Q1) before. Additional irradiations
would be required to substantiate such behavior for the Thornel-50S fibers,
however. Small temperature differences between the present irradiation and

that of Peggs are possible but seem unlikely to be responsible for the
apparently different results.

DENSITY

Densities of the four types of 2-D cloths were measured by liquid
immersion in toluene, and the results are shown in Figure 4. Reproducibility
of the measurements was + ~1%. The density increase of the Thornel-50 was
much smaller than for the other three types which is a reflection of the
large radial swelling of the Thornel-50 fibers compared with no swelling or
even shrinkage in the radial direction of the others.
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SURFACE AREA

Figure 5 shows BET surface areas measured with krypton. In general,
only one measurement per sample was made but in the few instances of duplicate
measurements, reproducibility of +.10% was found. The surface area con-
verged to similar values at the intermediate fluence and then appear to have
diverged slightly at the highest fluence.

With the exception of WCA, the surface area changes of the cloths
exceed by wide margins the changes calculated (éssuming the fibers to be
* cylindrical in shape) from radial and axial changes in fiber dimensions.
Evidently some very fine porosity not visible at magnifications as high as
30,000X has been eliminated.

Atomic hydrogen sticking probabilities were measured for cloths from
the first capsule (3.5 x 102] 2) (26)
sticking probabilities of unirradiated cloths. In all cases for temperatures
< 800°C, the irradiated cloths had higher sticking probabilities. This is
not a surprising result if sticking probabilities are higher at edge sites and

cm ©) by Fivel et al. and compared with the

defects than at basal plane surfaces, which seems 1ikely, because irradiation
increases the number of defects.

The method used to measure sticking probabilities (26,27)

yields valid
engineering numbers. However, it is based on the assumption that each atom
strikes the carbon surface only once, and sticking probability is taken to be
simply the number of atoms absorbed divided by the number that strike the
surface. Actually this is an oversimplication because, on an atomic scale,
the surface must be quite irregular and many hydrogen atoms are reflected at
angles such that they strike the surface more than once. Thus, what might

be called a "true" sticking probability (that is, the sticking probability per
collision) is not determined. Measured sticking probabilities would be Tower

for less irregular surfaces given equal true sticking probabilities.

Surface areas of the cloths decreased during irradiation. In some sense,
therefore, the surfaces must have become smoother and the measured sticking
probabilities would have decreased if the true sticking probabilities had
remained unchanged. The fact that the measured sticking probabilities increased

means simply that the true sticking probabilities increased by an even
greater amount.

1



MICROGRAPHIC EXAMINATION

Figures 6-17 are micrographs of the four types of 2-D cloths. In each
case, micrographs a and b are of the same area of the same specimen while
micrographs ¢ and d are different specimens than a and b and also different
from each other. The small, generally shiny, dots found on micrographs b-d
of Figures €, 9, 12, and 15 are a carbonaceous cement placed on the cloths
for orientation markers after micrographs of the unirradiated cloths had
already been taken.

Figures 6 and 7 show that Thornel-50 cloth deteriorated during irradiation
and the individual fibers became somewhat kinky. At the magnification shown
in Figure 8, the Thornel-50 fibers appear virtually unchanged by irradiation.
The cause of the fuzzy appearance of the fibers in Figures 8c, 1lc, and 17c¢
is unknown, but is not believed to be a property of the fibers. This phenome-
non will be discussed Tater.

Figures 9-17 show that the other three types of 2-D cloths changed little
during irradiation except for a general tightening up of the weave caused by
axial shrinkages of the fibers. Figures 11a and b show a fiber with a flaw
(crack) and even this was unchanged by irradiation.

Figures 18 and 19 are micrographs of the two types of 3-D cloths. Again,
micrographs a and b are of the same specimen while micrographs c and d are
different specimens than a and b and also different from each other. In
contrast to the 2-D cloths, the 3-D cloths have literally torn themselves
apart. In the b micrographs, one can see yarn ends that are beginning to
pull out, yarn loops that are tightening, overall tightening and shrinking,
and a good deal of fraying. The latter may be due to fibers breaking, perhaps
because of increased curvature or high tensile stresses caused by restrained
shrinkage. Alternatively, some of the fibers may simply be pulling out so that
ends are visible after irradiation but not before. Micrographs c and d of
both figures can no longer be matched with the micrographs of these specimens
taken before irradiation (not shown). The processes described above as having
taken place during the first irradiation have continued to the point of nearly
total destruction of the specimens in the second and third irradiations.

12



No direct measurements were made on the 3-D cloths, so it cannot be
stated with certainty that the fibers in these materials have shrunk as
dramatically as have those in the 2-D cloths, but that seems likely to be
the case. If so, it is apparent that the 2-D cloths are able to accommodate
the shrinkage that has taken place in the axial direction of the fibers
whereas the 3-D cloths are not. It is easy to rationalize this difference
in behavior. There is little in the 2-D cloths to restrain the fibers
from shrinking or to cause problems when they do. With the 3-D materials,
on the other hand, it can be seen in Figure 1 that axial shrinkage of the
Z yarns will be resisted by friction. Furthermore, if axial shrinkages
exceed radial shrinkages, axial shrinkage of the Z yarns will be restrained
for this reason also. In the small samples used in this study, it is
relatively easy for some of the yarns to pull out, but in a large piece of
cloth, fiber breakage appears likely to occur.

Micrographs (not shown) of the 3-D cloths were taken at high magnifi-
cation (up to 10,000X) only after the first irradiation. No difference was
observed between the irradiated and unirradiated cloths. Micrographs (not
shown) at high magnification were also taken before irradiation and after
the first and third irradiations of the same type of fibers (Thornel-400)
used in the 3-D cloths. No differences due to irradiation were found. Thus,
the deterioration of the 3-D cloths observed at low magnification (Figures
18 and 19) must be due to axial fiber shrinkage although this was not con-
firmed by direct measurements.

Figures 20 and 21 show fractured ends of fibers. The b micrographs
in both figures show as-irradiated fiber ends. The knobby appearance is
typical of all 11 types of fibers. Microgaphs ¢ and d show fiber ends
fractured after irradiation and after the b micrographs were taken. Many
of the VSA-11 fibers split in a manner which left a void in the center of
the fiber as shown in Figure 20. The crystallites in this type of fiber
are quite well oriented, but also oriented differently than in any of the
other types of fibers. They tend to lie with their basal planes parallel
to the radial direction of the fibers. Since jrradiation causes graphite
crystals to shrink and swell respectively in directions parallel and
perpendicular to the basal planes, the fibers would tend to shrink in the

13



radial diraction and swell in the circumferential direction. Thus, the
surface would be placed in compression and the interior in tension leading
to the types of cracks shown. The fiber ends shown in Figure 21, which
were fractured after irradiation, are typical of all the other 10 types of

fibers. That is, little difference between irradiated and unirradiated
fibers can be seen.

Figures 22-24 show polished fiber ends. These micrographs are typical
of the ones used to measure the fiber diameter changes listed in Table III.
Fibers in Figures 23 and 24 are typical of rayon-based and PAN-based fibers,
- respectively. That is, the former are irregular in shape whereas the latter
are more nearly round. Both types exhibited little change due to irradiation
in the sense that there is no obvious shape change or crack or pore generation,
etc. This observation is typical of 10 of the fiber types. Only the VSA-11

fibers shown in Figure 22 changed during irradiation in any regard other than
size.

THE FUZZY FIBER PHENOMENON

Earlier, the fuzzy appearance of fibers in Figures 8c, 1lc, and 17¢ was
briefly mentioned. It was first observed on all nine types of fibers from the
first irradiation capsule. MWithin any given type of fiber, some fibers were
fuzzy whilz others were not. Fibers with fuzz were examined at a variety of
angles, including stereo pairs, and magnifications. Efforts were made to
remove the fuzz by ultrasonic cleaning in acetone, but it didn't budge in the
slightest. The energy dispersive x-ray fluorescence capability of the SEM
was used to try to identify the elemental composition of the fuzz with
negative rasults. This system does not detect elements with atomic numbers
less than 11 and, therefore, would not detect carbon. Every impression was
given that surface layers had peeled from the fibers onionskin fashion;
however, tnere were some problems with this idea. None of the cloth samples
had the slightest hint of fuzz even though they were composed of some of the
same types of fibers. Furthermore, as mentioned above, within a bundle of
fibers, some fibers didn't have the fuzz.

14



Most of the fibers had been coated during manufacturer with either
a polyvinyl alcohol or UC-307 epoxy-based sizing. Only one of the cloths,
Thornel-50, had been sized. Despite the fact that the Thornel-50 cloth
had no fuzz, the sizing seemed to be a possible source of the fuzz on
the fibers; perhaps the sizing was peeling off. However, the sizing should
have been totally removed by heating in vacuum to ~700°C, and all of the
fibers had been heated in vacuum to ~1000°C after they were mounted on
the glassy carbon disc used to hold them during irradiation. In addition,
all samples, both fibers and cloths, were degassed at ~700°C in vacuum
prior to welding the irradiation capsules shut.

Next, the glassy carbon disc that the fibers were mounted on was
examined with the SEM at high magnification. A very similar fuzzy material
was observed in abundance. Perhaps thin layers of carbon had peeled from
the glassy carbon disc and become attached very tenaciously to the fibers.
The cloths were contained in nuclear grade polycrystalline graphite holders
and they had no fuzz.

But the problem was not entirely solved. Upon examination of specimens
from the second capsule, fuzz was found on three of the four types of 2-D
cloths (Figures 8c, 11c, and 17c). As mentioned earlier, the fiber specimens
from the second capsule were lost during capsule disassembly. Could fuzz
from the glassy carbon disc containing the fibers have migrated into the
graphite holders (not hermetically sealed) containing the cloths? If so,
why did it not happen in the first and third capsules? The answer is unknown.

A1l eleven types of fibers from the third capsule had the fuzz but
none of the cloth samples. The appearance of the fuzz was, in all respects,
the same as described for specimens from the first capsule.

Although it appears that the fuzz is not a property of the fibers or
the sizing thereon, this has not been established beyond doubt. The glassy
carbon mounting discs seem the most likely source of the fuzz but, again,
this was not proven.

15



CONCLUSIONS

Three ¢f the four types of 2-D cloth samples irradiated in this study
have remained intact even though the fibers have undergone axial shrinkages
of 18 to 27%. If additional irradiation tests show that they remain intact
at higher fluences and temperatures, their use in fusion reactor applications
may be possitle providing the large shrinkage can be accommodated through
curtain or reactor design. Other changes observed for the 2-D cloths were
large density increases and all but one had a large decrease in surface
" area. The 3-D cloths, on the other hand, have deteriorated. Thus, the
development ¢f 3-D weaves that are able to accommodate large axial fiber
shrinkages appears necessary before their use can be considered.

At least three different basic types of rayon-based fibers were
represented in the 2-D cloths where large axial shrinkages were found.
Such Targe shrinkages thus seem likely to be characteristic of rayon-based
fibers in gereral. Irradiation-induced length-change data are needed on
PAN and pitch-based fibers to determine if their shrinkages are also large.

Radial dimensional changes of 11 different types of fibers varied
from shrinkacge of 19% through almost no change to swelling of 33%. It is
not clear what effects radial dimensional changes might have on the general
performance ¢f cloths.
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X-YARN

Z-YARN

Orthogonal Weave

YARN

Z-YARN

Angle Interlock Weave

Schematic diagram of 3-dimensional weaving patterns.

FIGURE 1.
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c)

FIGURE 6.
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5mm . smm

Thornel-50 Graphite Cloth; a) Unirradiated,
b) 3.5x10%1cp-2, ¢) 7.3x1027em"2, d) 10x10%Tem”
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FIGURE 7. Thornel-50 Graphite Cloth; a) Unirradiated,
b) 3.5x1021cm-2, ¢) 7.3x102Tcm-2, d) 10x102T¢cm=2
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Thornel-50 Graphite Cloth;
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FIGURE 8.
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c) 5mm d) 5mm

FIGURE 9. GSGC-2 Graphite Cloth; a) Unirradiated,
b) 3.5x1021em=2, ¢) 7.3x1021c¢m-2, d) 10x1021¢m=2
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FIGURE 10. GSGC-2 Graphite Cloth; a) Unirradiated,
b) 3.5x1021cm=2, ¢) 7.3x102Tcm™2, d) 10x102Tcm-2
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c) 20 um d) 20 um

FIGURE 11. GSGC-2 Graphite Cloth; a) Unirradiated,
b) 3.5x1021cem-2, ¢) 7.3x1021em=2, d) 10x10°1cm=2
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5mm b) 5 mm

c)

FIGURE 12.

WCA Graphite Cloth; a) Unirradiated, 21 )
b) 3.5x1021cm-2, ¢) 7.3x1021cm-2, d) 10x10%'cm”
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Unirradiated,

a)
) 7.3x102Tcm-2, d) 10x102)¢cm-2
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3.5x1021

FIGURE 13. WULA uraphit
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c) 5mm d) | 5 mm

FIGURE 15. GSCC-2 Carbon Cloth; a) Unirradiated,
b) 3.5x1021cm-2, ¢) 7.3x1021cm=2, d) 10x102Tcm-2
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FIGURE "6. GSCC-2 Carbon Cloth; a) Unirradiated,
b) 3.5x102T7cm=2, ¢) 7.3x1021cm-2, d) 10x1027cm-2
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c) 20um  d) 20um

FIGURE 17. GSCC-2 Carbon Cloth; a) Unirradiated,
b) 3.5x1027cm=2, ¢) 7.3x1021¢m-2, d) 10x1021cm-2
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FIGURE 18. Thornel-400 Carbon Cloth, 3-D Orthogonal Weave;
a) Unirradiated, b) 4.1x1021cm-2, ¢) 8.5x1021¢cm-2
d) 11.7x1021¢cm-2
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FIGURE 19. Thornel-400 Carbon Cloth, 3-D Angle Interlock
Weave; a) Unirradiated, b) 4.1x1021¢cm-2,
¢) 8.5x1021cm=2, d) 11.7x1021¢m-2
35
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c) 10um

FIGURE 21. C-20 Carbon Fibers; a) Unirradiated,
b) 10x102Tcm~2 as irradiated c)10x1021¢m-2

fractured
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Pm=os oy
a) 20um ) 20 um

FIGURE 22. VSA-11 Graphite Fibers; a) Unirradiated,
b) 10x1021cm-2
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FIGURE 23. C-20 Carbon Fibers; a) Unirradiated, b)10x1021cm=2
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a) 20um b) 20 um

FIGURE 4. Type A Carbon Fibers; a) Unirradiated,
b) 10x102Tcm=2
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