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ABSTRACT

This publication continues the quarterly report series on the HIGR
Fuels and Core Development Program. The Program covers items of the base
technology of the High-Temperature Gas-Cooled Reactor (HTGR) system. The
development of the HIGR system will, in part, meet the greater national
objective of more effective and efficient utilization of our national
resources. The work reported here includes studies of reactions between
core materials and coolant impurities, basic fission product transport
mechanisms, core graphite development and testing, the development and
testing of recyclable fuel systems, and physics and fuel management
studies. Materials studies include irradiation capsule tests of both
fuel and graphite. Experimental procedures and results are discussed and,
where appropriate, the data are presented in tables, graphs, and photographs.
More detailed descriptions of experimental work are presented in topical

reports; these are listed at the end of the report.

iii



-
.




INTRODUCTION

This report covers the work performed by the General Atomic Company
under U.S. Energy Research and Development Administration Contract EY-76-C~-
03-0167, Project Agreement No. 17, This Project Agreement calls for support
of basic technology associated with the fuels and core of the gas-cooled,
nuclear power reactor systems. The program is based on the concept of the
High-Temperature Gas-Cooled Reactor (HTGR) developed by the General Atomic

Company.

Characteristics of advanced large HTGR designs include:

1. A single-phase gas coolant allowing generation of high-temperature,
high-pressure steam with consequent high~efficiency energy con-

version and low thermal discharge.

2. A prestressed concrete reactor vessel (PCRV) offering advantages
in field construction, primary system integrity, and stressed

member inspectability.

3. Graphite core material assuring high-temperature structural
strength, large temperature safety margins, and good neutron

economy .

4, Thorium fuel cycle leading to U-~233 fuel which allows good utili-
zation of nuclear resources and minimum demands on separative

work,

These basic features are incorporated into the 330-MW(e) prototype Fort St.

Vrain reactor which is currently undergoing prestartup testing.
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4, HTGR FISSION PRODUCT MECHANISMS
18%9a NO. 00549

TASK 100: FISSION PRODUCT TRANSPORT
The following reports under Task 100 represent analysis of experimental

work performed in FY-76 and the transition quarter (prior to FY-77). There

is no funding in FY-77 for experimental work under this Task.

Subtask 110: TFission Gas Release

In Fig. 4-1 of the previous quarterly report (Ref. 4~1), the datum at
n= 0,2, T =600 K should have been represented by a solid symbol; i.e.,
this datum was obtained at P = 2.84 MPa.

Subtask 130: Sorption of Fission Product Metals on Matrix Material

Vapor Pressure of Cesium Sorbed on Irradiated Fuel Rod Matrix Material

Introduction and Summary. The vapor pressures of cesium sorbed on

irradiated fuel rod matrix material have been measured using a mass spec—
trometric method. The fuel rod matrix material (M-205) was irradiated in
capsule HB-2 at 500° to 600°C to a fluence of 3 to 4 x 1025 n/mz. The
resulting isotherms do not differ significantly from isotherms obtained for
unirradiated matrix material, It is concluded that irradiation of fuel rod
matrix material does not significantly alter the sorption behavior of

25 2

cesium, at least up to a fluence of 4 x 10”7 n/m .

Experimental. In the mass spectrometric method, which has been previ-

ously described (Refs. 4-2 through 4-4), a sample of the matrix material is

prepared with sorbed metal. The matrix material particles are in the size

4-1



range 44 to 74 um. The sample is placed in a molybdenum Knudsen cell and
maintained at a series of temperatures while the effusion of metal vapor
from the cell is monitored with the mass spectrometer., The vapor and
sorbed concentrations of the metal are determined from a knowledge of the
initial and final quantities of sorbate and the time profile of the
effusing metal. However, in the present experiments, the final concentra-
tion of sorbate (cesium sorbed on matrix material) could not be determined
because of a Th impurity. The Th impurity, which was activated during
irradiation of the matrix material, interfered with the measurement of the
small quantity of cesium remaining in the matrix material at the end of the
experiment, To circumvent this difficulty, the Knudsen cell constant,
which depends on the difference in the initial and final sorbate concentra~
tions, was independently determined by measuring cesium vaporization from
an H-327 graphite sample in the same Knudsen cell as used for the matrix
material experiment. With the aid of this constant, the final sorbed

cesium concentration on the matrix material was determined.

The fuel rod matrix material sample (M-205) is a petroleum-pitch-based
material containing about 70 wt Z pitch and 30 wt % graphite filler. The
LHTGR reference matrix material contains about 60 wt 7 pitch and 40 wt %
graphite filler., A more detailed comparison of the matrix materials is

given in Ref, 4-5.

Results and Discussion. The measured heats of vaporization, the sor-

bate concentrations, and the nominal temperature range for each run are
given in Table 4~1. The vapor pressure data are presented in Table 4-2 and

shown in Fig. 4-1.

The vapor pressure data of Table 4~2 which are enclosed within the
solid line are those corresponding roughly to the nominal temperature range
of the measurements; the remaining vapor pressure data are extrapolated
values. The dashed lines of Table 4~2 separate the concentration regions
in which the isotherm behavior is expected to differ. For concentrations
above the upper dashed line, the Freundlich isotherm is expected to domi-

nate, A fit of the data corresponding to these concentrations with the
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TABLE 4-1
HEAT OF ADSORPTION FOR CESIUM ON IRRADIATED FUEL
ROD MATRIX MATERIAL (M-205)

Nominal Temperature

Cs Concentration AH Range

(g Cs/kg matrix) (kJ/mol) (K)
46,14 184 + 7 600-800
46,05 187 + 13 750-850
45,96 199 + 3 800-950
40,60 185 + 6 900-1000
28.29 190 + 5 900-1050
22.20 187 + 4 900-1050
14,61 223 + 5 950-1100
9.05 233 + 3 1000-1150
6.10 247 + 4 1000-1150
4,35 270 + 7 1000-1200
3.07 279 + 1 1050~1250
2.15 284 + 2 1050-1300
1.36 285 + 3 1100-1300
0.84 296 + 2 1100-1350
0.57 303 + 2 1150~1400
0.35 301 + 6 1200~1400
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TABLE 4-2
DATA FOR CESIUM SORPTION ON IRRADIATED FUEL ROD MATRIX MATERIAL (M—ZOS)(a)

Conc., C' Conc., C(b) )

< g Cs ) (mmol Cs ) ) in P(Pa) ‘©

kg carbon kg carbon in C'°¢ 700°C 800°C 1900°C 1000°C 1100°C | 1200°C | 1300°C
14,61 109.8 4,699 -3.06 -0.492 1.64 3.43 4,97 6,29 7.44
9.049 68.04 4,220 -4.38 -1.71 0.513] 2.40 3.98 5.37 6.59
6,104 45,89 3.826 -5,85 | =3,02 -0.643] 1.35 3.06 4,51 5.80
4,354 32.74 3.489 ~7.62 | -4.51 -1.93 0.251 2.1 3.73 5.11
3.074 23.11 3.140 -7.88 -5.80 -3.13 | -0.884 1.04 2,69 4.15
2,150 16.17 2.783 -10.36 -7.09 -4,40 | -2.10 ~0.144 1.55 3.18
1.360 10.23 2.325 -11.54 ~8,24 -5.53 | =3.25 -1.28 0.415 1.89
0.8401 6.317 1.843 -13.03 -9.63 -6.79 | -4,40 -2.37 ~-0.606 0.932
0.5710 4,293 1.457 -14.21 -10.73 -7.83 | -5.39 -3.32 -1.51 -0.0647
0.3502 2.633 0.9682 | -15.31 -11.86 [-8.98 | -6.54 -4, 47 -2,69 -1.12
(a)

Data enclosed in solid line are within the nominal temperature range of the measurements;

the remaining data were derived from extrapolations. The dashed lines separate the concentration
regions in which the isotherm behavior is expected to differ.

®)e - 1000c' /133,
()

In represents logarithm to the base e.
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Fig. 4-1. Sorption isotherms for cesium on fuel rod matrix material (M-205)
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Freundlich isotherm is shown in Fig. 4-~1 by the solid lines. Extrapolation
of these fits to lower concentrations indicates that the experimental data *
deviate from the Freundlich isotherm in the manner expected for a transi~

tion to the Henrian isotherm.

On the basis of previous isotherms for cesium sorption on unirradiated
fuel rod matrix material (M-205) (Ref., 4~5), the data of Table 4~2 below
the lower dashed line would be expected to lie in the Henrian isctherm
region, However, the experimental data do not extend to sufficiently low
concentrations to conclusively establish a transition to the Henrian iso-
therm. Therefore, to extend the sorption data to the lower concentrations
required in reactor calculations of fission product release, the Henrian
isotherms found in the case of cesium sorption on unirradiated fuel rod
matrix material (Ref. 4~5) are applied to the case of the irradiated fuel
rod matrix material. These (Henrian) isotherms are indicated by the short
dash-dot lines in Fig. 4-1 at concentrations below about 3 mmol/kg. As is
evident from Fig. 4~1, this approximation will be conservatively high with
respect to the vapor pressure of cesium in the Henrian region and conse-
quently also conservative with respect to release of cesium from the core

of the HTGR.

The data of Table 4-2 have been fitted to the expressions

In P = (A+ B/T) + (D+ E/T) In C 4~-1)
and in PH = (A 4+ B/T) + [(D~1) +E/T] In Ct 4+ 1n C s (4=2)
where P = total vapor pressure of cesium, Pa,

PF = yapor pressure in the Freundlich region,

P.. = vapor pressure in the Henrian regiomn,

In = logarithm to base e,
C = concentration, mmol Cs/kg carbon,
C_ = transition concentration,

T = temperature, K,

A,B,D,E = constants.
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The values of the constants were found to be: A = 25,45, B = -46,275, D =
-0.213, and E = 4309, The transition concentration is represented by the

expression
[ b(T-T,) -1
C. = a 1+ e 0 . (4-3)

where a, b, and To are constants with a = 8.5 mmol/kg, b = 0.0055, and To =
1350 K.

In Fig. 4~2, the isotherms for cesium sorption on irradiated and unir-
radiated fuel rod matrix material are compared. The solid curves represent
the isotherms for irradiated matrix material and the dashed curves iso-~
therms for unirradiated matrix material, Each isotherm shown is the sum of
contributions from the Henrian and Freundlich representations (Egs. 4-1 and
4~2), TFor the isotherm at 1100°C representing unirradiated matrix
material, the shaded area corresponds to the uncertainty band at the 95%
confidence level., By inspection, it can be seen that the isotherms for the
irradiated and unirradiated fuel rod matrix materials do not differ signif-
icantly. Also, the uncertainty band is essentially the same for the iso-
therms at 700°, 900°, and 1300°C as at 1100°C. Consequently, it can be
concluded that the irradiation of fuel rod matrix material does not signif-
icantly alter the sorption behavior of cesium, at least up to a fluence of

4 x 1025 n/m2.

Subtask 140: Diffusion of Fission Product Metals in Graphite

Diffusion of Cesium in Graphite

Introduction and Summary. Cesium transport through H-~451 graphite,

which is the reference graphite for the large HTGR, has been studied using
a permeation method. The purpose of this work was to gain a better under-
standing of cesium transport in graphite and to reduce the uncertainty of
data relating to cesium diffusivity in graphite. The AIPA study (Ref. 4-6)
found that uncertainty in cesium diffusivity in graphite was the largest

contributor to the uncertainty in cesium release predictions.
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Fig. 4-2. Comparison of sorption isotherms for cesium on irradiated (I)
and unirradiated (U) fuel rod matrix material (M-205)
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The permeation experiments were discontinued at the end of the transi-
tion period (end of September 1976) due to lack of funds. The following
report is the first part of a final report covering the results of this

work.

In summary of the following report, results show that the "sterile"
technique was successful in reducing the extent of the "burst effect" of
permeation, An H-451 graphite éample was subjected to a number of anneals
ranging from 40 minutes to 6 hours. Analysis of the resulting data, taking
the "burst effect'" into account, yielded a permeation coefficient of 2.1 x

-1 2 . . , . .
10 2 m /s, in accord with previous values. Experiments on cesium takeup

by H-451 graphite yielded a D' value of 1.7 x 10—7 s_1 at 1388 K and an
activation energy of 184 kJ/mol (44 kcal/mole) for bulk loading of the
graphite. Other experiments confirmed that charloaded graphite is ten

times more sorptive than H-451 graphite.

Cesium Permeation in H-451 Graphite. The apparatus and procedure

developed for measuring the permeation of cesium through graphite have been
described in previous reports (Refs. 4~1 and 4-7). The basic method uses
highly sorptive, charloaded graphite as the source and sink in measuring
the transport of cesium across a barrier sleeve of the graphite to be
studied. The source is a small rod that is completely enclosed in the
sleeve, which is closed with tightly fitting plugs. This in turn dis
enclosed in the cylindrical sink, the ends of which are also tightly closed
with caps. Thus, cesium has to travel through the graphite sleeve to reach
the sink. These parts are illustrated in Fig. 4-2 of Ref. 4-7. A
"sterile" technique was developed for protecting all parts from air or

moisture throughout the series of experiments after an initial bake-out,

Before this "sterile" technique was developed, the time lag for cesium
to penetrate the graphite sleeve was immeasurably short. This was thought
to be due to the acceleration of cesium transport through graphite by
traces of oxidizing gases, such as would be evolved upon heating of samples

exposed to air. It seemed therefore to be of interest to measure the time
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lag to determine the effectiveness of the "sterile" technique. Accord-
ingly, one of the sources used previously (Hb) was subjected to a number of
40-minute anneals with a fresh sleeve. Once a constant rate of permeation
was established, the system was subjected to additional anneals of 2 and 6
hours. A fresh sink was used in each anneal; the experiments were con~

ducted at 1138 K.

The results are given in Table 4-3 and plotted as cumulative transport
(i.e., sink activity/source activity) versus cumulative time in Fig. 4-3.
It can be seen that a time lag is present, but the points lie reasonably on
two straight lines instead of a single one as would be expected. Clearly
the amount of permeation is disproportionately large during the 40-minute
anneal times. This has been observed previously and was attributed tenta-
tively to imperfect sinks (Ref. 4-1). This explanation is clearly not
applicable here. The necessary conclusion seems to be that the "sterile"
technique used is not sufficient to prevent residual traces of impurities
which produce an initial "burst effect" of permeation of the order of 3 x
10_2% once the sleeve has been loaded to the steady-state condition. (The
quantity 3 x 10-2% was derived from the difference in the slopes of the two
lines in Fig. 4-3.) By subtracting this quantity for each anneal, the
points shown in Fig. 4-4 are obtained. These points define a good straight
line and an intercept of about 1.8 hours. This may be a slight overesti~-
mate [because the two first anneals give negative permeatione (see Table
4-3) which are neglected] but should be cleser to reality than the 1.2-hour

intercept obtained before correction.

The diffusion coefficient obtained from the intercept is about 5 x

2
10 m /s, whereas that obtained from the slope of the line in Fig. 4-4 is

10°
2.1 x 10_12 m2/s.* As mentioned in the previous quarterly report (Ref.

4~1), the difference in these two values is in the direction expected when

#In calculating these two diffusion coefficient values, Eq. 4~4 and
4~5 of Ref. 4-1 were utilized. Both values were assumed to be diffusion
coefficients, although the value 2 x 10-12 n2/s is more correctly a per~
meation coefficient and the 5 x 10~10 m2/s a retention coefficient.,
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TABLE 4~3 (a)
CESIUM PERMEATION THROUGH H-451 GRAPHITE AT 1138 K 2

Observed Corrected
Cumulative
Anneal Anneal Sink Sink/Source Sink/Source
Time Time Activity | Sink/Source | Cumulative | Sink/Source | Cumulative
(hours) (hours) (uci) x 104 x 104 x 104 x 104
2/3 0.67 0.0106 1.43 1.43 -1.57 -1.54
2/3 1.33 0.0291 3.93 5.36 0.93 ~0.64
2/3 2.0 0.0430 5.81 11.2 2,81 2,18
2/3 2.67 0.0536 7.24 18.4 4.24 6.42
2/3 3.33 0.0578 7.81 26.2 4,81 11.23
2/3 4,00 0.0542 7.32 33.6 4,32 15.6
2/3 4,67 0.0503 6.84 40.4 3.84 19.4
2/3 5.33 0.0706 9.54 49,9 6.54 25.9
2 7.33 0.124 16.8 66.7 13.8 39.7
2 9.3 0.119 16.1 82.9 13.1 52.9
6 15.3 0.292 39.5 122 36.5 89.4
6 21.3 0.301 40.7 171 37.7 135
(2)

Source activity was 74

uci.
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Fig. 4-3. Uncorrected cumulative transport versus cumulative time for
permeation anneals using source Hb at 1138 K
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only a small part of the graphite cross section participates in the trans-
-12 2 .
m /s

obtained for this sample of graphite is within the range of 1.6 to 3.6 x

10—12 mz/s found for four samples previously (Ref. 4-1).

port, It can be noted that the permeation coefficient 2 x 10

The "burst effect" found in these experiments is sufficiently small to
be within experimental error for the 2 or 6 hour experiments. The line
through these experiments in Fig. 4-3 gives a diffusion coefficient less

than 3% higher than found above,

Cesium Takeup by Graphite. A previous report (Ref. 4-8) mentioned

some early experiments concerning the rate at which cesium is taken up by
graphite. The experiments involved two steps. In the first step a small
piece of graphite to be studied in the form of a rod (having the same
dimensions as the source in the standard permeation experiment) was
annealed within a niobium crucible with a large source of charloaded graph-
ite (having the form of the sleeve of the permeation experiments). In this
way the total uptake could be measured as a function of time and tempera-
ture, The second step involved depletion of the graphite thus loaded by
annealing it for a short time at low temperature (2 hours at 1138 K) in the
presence of virgin charloaded graphite (again in the form of sleeve and
plugs of the permeation experiments). In this way an easily removable,
surface sorbed portion of the cesium could be measured whereas the
remainder, which was much more difficult to remove, was formed by bulk-

sorbed cesium.

These experiments were initiated before the importance of the
"sterile" technique excluding air and moisture was appreciated and gave
variable results which were difficult to interpret but pointed to a very
long time of equilibration and high activation energy, making it clearly a
different process from permeation. The experiments were then resumed using
the "sterile" technique but difficulty was encountered with leakage of
cesium during long anneals at high temperature, which could not be overcome

in the time available. Nevertheless, some results can be reported.




In these last experiments the graphite rod was broken into two halves
so that two values were obtained in each anneal. The results are given in
Table 4-4. The depleted values, which correspond to the bulk-sorbed
cesium, are plotted in Fig. 4-5. 1In analyzing the results (i.e., in
obtaining the percent equilibrium values), the assumption has been made
that the charloaded graphite 1s ten times more sorptive than the H~451
graphite (see below). As can be seen from Fig. 4-5, the results are
compatible within the experimental uncertainty with the standard loading
curve (solid curve) for a sphere. This means that substantially higher
sorptivity ratios are not possible because then the samples would have
reached, or come close to, equilibrium, which is certainly not the case.
Substantially lower ratios are in principle possible on the basis of these
experiments alone but are precluded by the structure of charloaded graphite
and by other equilibration experiments (see below).

Analysis of the cesium takeup data yields a D' value of 1.7 x 10_7

3-1 at 1388 K, where D' = D/az, D = the diffusion coefficient, and a =
radius of the graphite crystallites (assumed to be spheroid). (See Ref.

4~1 for method of treating data to derive D' value.)

Figure 4~5 shows that it takes about 50 hours at 1388 K to reach the
half saturation point and that to come within a few percent of equilibrium
requires close to a thousand hours at that temperature. The process is
much slower at lower temperatures. Assuming that loading at each tempera-
ture is proportional to the square root of time from the very beginning
(which is the case for loading of a sphere), the individual points obtained
at the other temperatures permit the construction of an Arrhenius plot
(Fig. 4~6) which turns out very linear and indicates an activation energy
of 184 kJ/mol (44 kcal/mole), which is appreciably higher than the value of
about 145 kJ/mol obtained previously for permeation (see Ref. 4-1). It
should be noted, however, that the assumption that the initial loading rate
is proportional to the square root of time over more than an order of
magnitude may well be in error because surface irregularities and very
small particles are likely to give a higher initial rate. This would make

the lower temperature (lower loading) points higher and thus would lower the
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TABLE 4~4

LOADING AND DEPLETION OF H-451 GRAPHITE

Percent of
Equilibrium(a)
Temp Time Sample After After
(K) (hours) No. Loading | Depletion Difference
1138 16 20A 5.4 0.92 4.5
20B 5.9 1.05 4.8
1283 16 21A 14.0 8.5 5.5
218 13.4 8.95 4.4
1388 16 22A(b) 40.2 33.2 7.0
228 38.9 33.4 5.6
1388 4 23A 19.7 15.2 4.5
23B 18.5 13.2 5.3
1388 | 48 224 (D) 63.7 58.7¢) 5(d)
24A 52.2 47.2(c) 5(d)
(a)

(b)Note that sample 22A has a total anneal time of 64

hours.

(C)Value not measured but calculated from assumed dif-

ference.

(d)

4-16

Assumed on the basis of measured differences.

The percent values given assume that the equilibrium
sorptivity of charloaded graphite is 10 times that of H-457;
they represent 100 x 10(a/w)/(A/W), where a and w are the
activity and weight of the sample and A and W are the cor-
responding quantities for the charloaded graphite source.
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activation energy. Hence, the value given (184 kJ/mol) is probably lower
than the value which corresponds to takeup by the large particles. Since
takeup of the bulk-sorbed cesium is likely to involve movement within the
solid graphite structure rather than movement on pore surfaces as in per-
meation, it is not surprising that the activation energy is higher for the

takeup process than for the permeation process.

Sorptivity Ratio for Charloaded and H-451 Graphites. The values for

the relative sorptivity of charloaded graphite and H-451 graphite were
derived from experiments performed several years ago in which a cesium
source was annealed with charloaded graphite and H~327 graphite for one or
two 8-hour periods at 1470 K, and the sorptivity ratio was found to be ten.
Other experiments showed that the difference in sorptivity between H=-327

and H-451 was negligible,

Results of these experiments indicate that the time alloted (8 to 16
hours) was not sufficient to approach equilibrium very closely; neverthe~
less, it would have been adequate to exceed 507 of the equilibrium value
for H-451 (or H=327) graphite and probably somewhat closer for charloaded
graphite., Hence the results probably were quite representative of the
equilibrium condition and, if anything, tended to overestimate the
sorptivity. Thus it seems that the ratio of ten used in the cesium takeup
experiments (see above) and in calculating the permeation coefficients (see
Ref. 4-1) is accurate to better than 307 and perhaps on the high side, and

so are the permeation coefficients themselves,

TASK 200: FISSION PRODUCT TRANSPORT CODES

Subtask 210: Code Development

Effect of Gas Phase Diffusion on Calculated Fission Gas Release

In the previous quarterly report (Ref. 4~1), it was established that
gas phase diffusion is involved in the release of fission product gases

from HTGR fuel material. This means that the helium pressure in an HTGR

4-19




system has an effect on fission gas release. This is a significant finding
because the extent of fission gas release in HTGR systems, which operate at
high pressure, is generally calculated (predicted) on the basis of fission
gas release data measured at low pressure (for example, in the TRIGA test

facility at General Atomic).

On the basis of data given in Ref. 4-9, an analysis was performed to
determine how taking gas phase diffusion into account would affect the
calculated fractional release of Kr-85m (the reference fission gas nuclide)
for an HTGR system. (Fort St. Vrain was the reactor system used.) The
results show that including gas phase diffusion in the calculations would
reduce the calculated release of Kr-85m by factors of about 5 and 1.5 at low
and high reactor power levels, respectively. It is clear, therefore that
including the gas phase diffusion effect in reactor calculations would have

a significant impact on predicted fission gas release.

As described in Ref. 4~1, evidence for the contribution of gas phase
diffusion was obtained from (1) an analysis of fission gas release data
obtained from reactor, capsule, and loop (high pressure) tests and TRIGA
(low pressure) tests* and (2) TRIGA tests designed epecifically to deter-—
mine the contribution of gas phase diffusion. This evidence is hardly
adequate for taking gas phase diffusion into account in reactor calcula-
tions. The reactor, capsule, and loop data have a large associated
uncertainty and the TRIGA tests were conducted at low pressures over a

narrow pressure range.

It is concluded that gas phase diffusion is an important consideration
in reactor calculations and that existing data on gas phase diffusion are
inadequate and need to be verified and quantified. Accordingly, additional
experiments on gas phase diffusion are planned. These experiments will be

conducted over the full range of pressures of interest.

ATRIGA tests consist of fission gas release measurements performed in
a King furnace facility mounted in a TRIGA reactor at General Atomic,
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FIPER Code Development

Two new features were recently added to FIPER(, which is the reference
code for calculating the release of fission product metals from HTGR fuel
elements. The first is an automatic calculation of the "¢ factor" or
"partition coefficient" at material interfaces. Previously ¢ was input as
a constant; now it is calculated as a function of concentration and temper-
ature. The model is based on the assumption of a vapor pressure equilib~-

rium in the interface gap.

The second feature is a calculation of the removal by transverse flow
or a purge gas stream, This model is also based on a vapor pressure
equilibrium. The effect of the removal is introduced by subtracting a

concentration and flow dependent term from the fission product source.

Both of these new features introduce a nonlinearity into the calcula-
tion. This was taken care of by setting a logical flag and invoking the
existing iteration capability of FIPERQ. The method was successfully

tested in a sample problem,

Subsequent practical applications have disclosed some serious
numerical problems in the method. The iterations do not always converge,
and negative concentrations are observed. Preliminary investigations
indicate that this is a result of an oversimplified iteration logic, and
that a more sophisticated formulation will be required to solve this

nonlinear problem.

Subtask 220: Code Validation

Analyses of two in-pile loops, the Commissariat a 1'Energie Atomique
(CEA) Saclay Spitfire loop (SSL-1) and Cadarache Pegase loop (CPL) tests,
are being performed to permit comparisons of predicted and observed fission
product release. Study of the behavior of cesium isotopes has been empha-
sized in the SSL-1 test (Refs. 4-10, 4~11). Final predictions of cesium

release are being formulated and parametric studies are being carried out
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to quantify the associated uncertainties. Work on the CPL-2 test includes

characterization of both fission gases and fission metals (Refs. 4-10, v
4-12). Analyses of the observed cesium profiles in the fuel rod - cooclant

hole graphite web are currently in progress. These profiles will be fit

with the FIPERQ code as one step in the 'validation'" phase of the study.

In addition, final calculations of temperatures and helium mass flows in

the heat exchanger of CPL-2/1 are nearing completion.

TASK 300: FISSION PRODUCT DATA ANALYSIS

A review has begun of release rate data used in accident calculations
relating to plant siting. The release rate data pertain to the release of
fission products from fuel particles.

TASK 400: TRITIUM TRANSPORT

This task is not funded for FY-77.
TASK 500: PLATEOUT AND LIFTOFF

This task is not funded for FY-77.

TASK 600: COOLANT IMPURITY/CORE MATERIAL INTERACTION

Subtask 610: Reaction of Coolant Impurities with Fuel Material

Rate of Hydrolysis of Exposed Fuel Carbide

Summary and Conclusions. The effect of helium pressure on the appar-

ent rate of hydrolysis of Th02 in graphite crucibles was determined at

573 K, utilizing pressures from 0.2 to 2.5 MPa (2 to 25 atm). The objec~
tive of this work was to quantitatively determine the overall reaction rate
of the fuel hydrolysis reaction as a function of helium pressure for com-
parison with theoretical predictions. The data are needed for use in pre-

dicting the consequences of a steam in-leakage accident, where hydrolysis
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of some of the exposed carbide fuel material is postulated to occur. The
results of this study agree with the theoretical prediction that the rate

of hydrolysis of ThC, fuel in graphite crucibles is inversely proportional

2
to the total helium pressure and is therefore controlled by mass transport

of water vapor through graphite.

Introduction. The mechanism of hydrolysis of exposed carbide fuel in

HTGR fuel elements comprises two distinct steps: (1) transport of water
vapor through the graphite and (2) chemical reaction. The chemical

reaction is given by the equation:

ThC2 + HZO = ThO2 + H20 + CH4 + H2

+ other hydrocarbons (4~4)

The yield of the gaseous products depends on experimental conditions,
particularly temperature, At constant temperature, however, the yield of

gaseous products H, and CH4 was found to be relatively constant; therefore,

2

monitoring the effluent process stream for H2 and CH4 was used as a measure

of reaction rate,

The rate of chemical reaction is known to be very fast (Refs. 4-13,
4-14); therefore, the overall rate is predicted to be controlled by mass
transport, due to transverse flow and/or diffusion. At reactor shutdown
conditions, where the core pressure drop is low, transverse flow may be
neglected, and the mass transport of water vapor through graphite to the

reactive exposed carbide will be by Fickian diffusion as given by:
J = AD . dc/das (4-5)

where J is the flux of water molecules through the graphite (mol/s), A is
the diffusion area (mz), % is the diffusion length or web thickness (m), C
is the water vapor concentration (mol/m3), and Deff is the effective
diffusion coefficient for water vapor in the graphite (m2/s). Deff is

given by:
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eff ,2 P (4-6)

where m is a geometry correction term relating ordinary gas phase dif-
fusion, D? 23 to that in graphite, PT
D$,2 is de%ined as the diffusion coefficient for H20 in He at a standard
pressure, Po’ which is 0.1 MPa (1 atm). D> can be calculated by the

1,2
formula (Ref. 4-15):

is the total gas pressure (Pa), and

D = 1.06 x 10" 8p1+28
1,2

(= 2.4 x 10'-4 mz/s at 573 K) (4=7)

If virtually all the water vapor that diffuses in reacts rapidly with
the exposed carbide, then dC/d% can be assumed to be equal to the concen=-
tration of water in the coolant channel divided by £, and Eq. 4-5 and 4-6

can be combined to give:

o
mD AP
1,2 H20 PO

TR p, (4-8)

Thus at constant T and PHZO’ the flux of water vapor is predicted to be

inversely proportional to total pressure,

Previous studies (Ref. 4-16) showed that the number of water molecules
reacting in Eq. 4-4 is nominally 2.6 times that of ThCz. Accordingly, in
the experiments described here, J is taken to be equal to 2.6 times the
initial steady=-state reaction rate of the ThC2 which is obtained from
measurements of H2 and CH4 production rate (see below). The procedure for

this measurement 1is given in the next section,

Apparatus and Procedure, The reaction rate studies were carried out

in a high~pressure double-chamber furnace (Fig. 4-~7), capable of main-

taining temperatures up to 1223 K at helium pressures up to 5 MPa (50 atm),
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The inner and outer chambers were separated by a closed tube of Inconel
625, a material characterized by high strength and low oxidation at high
temperatures. The inner chamber contained the test sample and was so
designed that the incoming high~pressure helium~steam mixture was first
heated and then passed upward over the graphite crucible. The outer
chamber contained a resistance heater with suitable insulation and was
independently pressurized with helium to maintain a near-zero pressure
gradient across the Inconel chamber wall., The pressure within the furnace
and any pressure differential existing between the inner and outer chambers
were continuously monitored with absolute and differential pressure gauges,

respectively.

Prior to entering the inner chamber of the furnace, the high-pressure
helium was passed through a charcoal trap maintained at 77 K to remove
traces of oxygen. The helium was then saturated with water vapor at con-
trolled temperatures in a high-pressure saturator. After exiting from the
furnace, the gas pressure was reduced and the low-pressure gas mixture was
passed through a cold trap maintained at 195 K to remove the excess water
vapor. Samples of the dry gas were automatically introduced into a Varian
trace gas analyzer every 15 minutes. The chromatogram peak areas were

automatically integrated with a Spectraphysics Minigrater.

The test samples were mixtures of bare Th02 fertile fuel kernels
approximately 500 pym in diameter and graphite shim particles homogeneously
mixed with a small amount of graphite glue {(Dylon grade GC) and pressed
into graphite crucibles. The test samples were then high fired at 2073 K
for 6 hours to form fuel rods containing only Th02 and carbon. The ThC2
loading was 0.1 Mg/m3, which approximates a fuel rod having 137 failed
fertile particles. The graphite crucible design is shown in Fig. 4-8. The
crucibles were machined from either H-327, H~451, or ATJ graphite. They
were especially designed with a thick bottom and a long threaded top with

machined mating surfaces to ensure that transport of water vapor was pri-

marily through the crucible walls.,
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Fig. 4-8. Graphite crucible used in ThC, hydrolysis tests
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The test procedure was to quickly transfer a fuel rod/crucible sample
from the anneal furnace to the inner chamber of the pressure rig and to
immediately evacuate the system. The furnace was then back filled with
purified He to the desired pressure and flow was established at 1.8 x 10_5
m3 (8TP)/s (1.1 liter/minute). The furnace was then brought to the test
temperature (573 K) and the effluent process gas was continuously monitored
with the Varian trace gas analyzer to obtain background impurity concentra-
tions, After test conditions had stabilized, the water saturator was

valved in to start the test run.

At this point, one of two procedures was utilized: (1) variable He
pressure or (2) constant He pressure, In the variable pressure method,
using a water vapor pressure of 2.6 KPa (0.026 atm), the overall rate of
reaction was slow enocugh to permit the use of several different helium
pressures in a single run. That is, after the gaseous reaction products
stabilized at a given He pressure, the pressure was adjusted to a new value
and a new steady-state reaction rate was obtained. In a given run, several
different pressures could be investigated before the hydrolysis rate was

affected by depletion of the ThC J was taken to be 2.6 times the rate of

20
H2 evolution., Previous work has shown that the number of moles H20 reacted

per mole ThC2 is nominally 2.6 (see above), and it has been experimentally
shown by the constant pressure runs that the total moles H2 evolved at 573

K is roughly equal to the moles of ThC, in the sample (see Table 4~3).

2
The constant pressure method utilized a higher water vapor pressure
[18 KPa (0.18 atm)] and operated at a single He pressure until all hydrogen

and methane evolution had ceased.

At the conclusion of each run the total H2 or CH4 formed was obtained
by integrating the concentration versus time data. The reaction rate was
then converted to the fraction reacted per second at various times by
dividing the amount of H2 or CH4 produced (moles/second) by the total moles
obtained in the run. J was calculated by multiplying the rate (fraction/

second) by 2,6 times the number of moles of ThC, in the samples.

2
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TABLE 4-5
SUMMARY OF RESULTS OF HYDROLYSIS OF ThCy IN GRAPHITE CRUCIBLES
(Temperature = 573 K; He flow = 1.8 x 10~5 m3(STP)/s; Th loading = 0.1 Mg/mB(g/cm3),%3.5 mmol, total)

Total Gas
Products
Observed
Run Graphite A Y/ PH,0 Phe H, CH,, n @ | )
No. Type (x10—4 m2) (x10—3m) (kPa) (MPa) (mmol) (umol) Hz CHy,
4 H451 33.5 0.508 | 2.63 |Variable wp (P ND 1.01 0.86
5 H~-451 33.5 0.508 2.63 |Variable ND ND 1.06 0.88
6 H-451 33.5 0.508 18.2 1.15 2.9 40
7 H-451 33.5 0.508 18.2 0.79 2.7 48 ‘O 86 1.03
8 H-451 33.5 0.508 18.2 0.44 2.9 52 ’ ‘
9 H-451 33.5 0.508 18.2 0.20 4.4 58
10 ATJ 31.2 0.445 18.2 0.51 3.7 58 }1 0 0.86
11 ATJ 31.2 0.445 18.2 1.46 2.9 58 : *
12 H~-327 33.5 0.438 18.2 0.47 2.5 52 }0 8 1.03
13 H~-327 33.5 0.438 18.2 1.67 3.7 52 ) ’
3.2 avg 52.3 avg| 0.95 avg| 0.93 avg

(a)n is the "order" or pressure dependence derived from the slope of plots of log rate versus log
P_ ; see Fig. 4-13.
He(b)

ND = not determined.



Experimental Results. The conditions and results of all the tests are

given in Table 4-5,

Figure 4-9 is a plot of the concentrations of H2 and CH4 versus time
for run 6, which was operated at a constant PT [1.14 MPa (11.3 atm)].
During this run the water saturator was intentionally turned off for 920
minutes, demonstrating that the product gases were indeed evolved during
hydrolysis of the ThC2 sample and not from some other source. Figure 4-9
shows that hydrogen evolution during carbide hydrolysis at elevated temper-
atures far exceeds CH4 formation. Also, the data listed in Table 4-5 show

that the total moles H, produced is roughly equal to the moles of ThC2 in

the sample, which is 1;2.6 the theoretical yield. This suggested that a
large fraction of the product gases remained sorbed in the sample or
graphite. In fact, when some of the crucibles were heated above 573 K at
the conclusion of the hydrolysis runs, large quantities of H2 and CH4 were
desorbed from the samples, indicating rather strong sorption of these

species of 573 K.

Plots of the fraction H2 evolved for runs 6, 7, 8, and 9 are given in
Fig. 4-10. It is seen that through about 50% of the reaction, the reaction
rates are all quite linear with time. For analysis of the effect of pres-
sure, only the initial reaction rates were used. Figure 4-11 is a plot of
the fraction of H2 versus the fraction of CH4 evolved for four separate
experiments at different He pressures. This plot shows that the ratio of
H2 to CH4 was independent of the total pressure and that when all the H2

had evolved, the CH4 production ceased.

Figure 4-12 is a plot of log H2 evolution (umol/s) versus log total
pressure for the H-451 crucible using both the variable pressure and constant
pressure methods. The slopes of the lines thus obtained in the H2 plot in
Fig. 4~12 are all nearly one, indicating agreement with the theoretical pre-
diction. The rate is inversely proportional to total pressure. Also of
interest is the fact that the absolute reaction rates of the two methods are
very nearly linear with water concentration. The flux of water vapor, J,

for three different graphite crucibles using the constant pressure method is
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shown in Fig. 4-13. These data show that all three graphite types demon-

strate the predicted linear dependence of J on P Also, the apparent dif-

T
fusivities of the graphites are within a factor of two of each other, which
is well within the normal variability for a given grade.

Effective diffusion coefficients, for all the test runs are

Dogeo

plotted versus reciprocal pressure, P in Fig. 4-14. From these data and

T’
using Eq. 4-6, average geometry factors, m, were calculated (Table 4-6).

TABLE 4-6

m VALUES DERIVED FROM ThC2 HYDROLYSIS TESTS

Graphite m

H-451 0.004
H-327 0.007
ATJ 0.009

The values of m in Table 4-6 and Deff in Fig. 4-14 are somewhat uncertain
because they are directly proportional to the value of the molar ratio of
water reacting with ThCz. This molar ratio, taken to be 2.6 in this study,

is uncertain and, therefore, the values of m (or Deff) should be confirmed

with further studies.
TASK 700: PLANNING AND COORDINATION

Efforts under this task are continuing.

4~35



JH20 (mmol/s)

1.0

0.1

N RUN CRUCIBLE
O 6789 H-451
10,1 ATJ
D 1213 H-327
=10
B N =10.80
N =0.86
| ) i i l i
0.1 1.0

PRESSURE (MPa)

Fig. 4~13. Effect of total pressure on flux o

4~36

f water, J




1078

= /
//
/ /
7
- Vd
// //
/ fug
s 78
- / / O
VA
¥ 7 R
/7
/s 7 o %
1077 — / /Ef A
i // A o
u 7
PHzO
RUN METHOD (kPa) GRAPHITE
- a o O 67,89 CONSTANT Py 182 H-451
A g VARIABLE Py 2.66 H-451
O s VARIABLE Py 2.66 H-451
V 10,11 CONSTANT Py 182 AT
0 O 12,13 CONSTANT Py 182 H-327
1 i L4 i | { 1
1 10
1/P7 (MPa™)
Fig. 4-14, Effect of total pressure on effective diffusion coefficient

4-37



TASK 900: FORT ST. VRAIN CHEMISTRY SURVEILLANCE

Subtask 940: Fort St. Vrain Coolant Impurity Surveillance

Evaluation of HTGR Coolant Core Interactions Using Fort St. Vrain
Startup Data®

Summary. The measured gas compositions in the coolant of the Fort St.
Vrain HTGR during the initial rise to 27% power have been compared with
predicted compositions using the Graphite Oxidation Program (GOP).

Although changes in the code are clearly needed for a close correlation
with actual compositions, a general agreement has been achieved. Evalu-
ation of the data is complicated at present by outgassing of the core com~-
ponents and the fact that the hydrogen getter portion of the purification
gsystem was not operative. In spite of these complications, the data sug-
gest that radiolytic reactions are occurring and, at the low temperatures
studied to date, appreciably affect the gas composition. The GOP analyses
clearly overestimate the effect of irradiation as shown in the comparison
with actual startup data at 19.5 and 277% of full power. Adjustment will be
made in the input data to achieve better agreement. It is anticipated that
more conclusive results will be achievable from future tests where more of

the uncertainties will be eliminated,

Introduction. Successful operation of a HIGR requires that the

reactions of the coolant gas with the core components be almost eliminated.
Thus, very high purity helium is used for the coolant in direct contact
with the graphite fuel blocks. In spite of great care, very low levels of
reactive impurities are expected during normal operation, with much higher
concentration possible during abnormal or accident conditions. To enable
reactor designers to set realistic helium purity standards, estimates must
be made of the rates of reactions expected. Considerable kinetic data have

been collected over the past decade in an attempt to accurately predict the

*This work was performed by G. L. Tingey and W. C. Morgan (Battelle
Pacific Northwest Laboratory) under a subcontract.
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coolant chemistry of the HIGR system., The task presently is to verify, and
modify where necessary, the codes used for these predictions. The startup
tests of the Fort St. Vrain HTGR provide a unique opportunity to test the
validity of these codes. The current tests are particularly suited for
this verification because the water levels are sufficiently high to yield
measurable reaction rates, and the lower power tests are conducted at low
enough temperatures to enable evaluation of irradiation-induced reactions

without interference from thermal reactions.

In this study, the measured gas compositions are compared with those
calculated using the GOP code (Refs. 4-17, 4-18). These comparisons are
then used to evaluate the validity of the reaction parameters used in the
GOP code., Revisions are made where necessary to improve the accuracy of

the code.

In this report, measured gas compositions up to 277% of full power are
compared with calculations. The conclusions from these evaluations,
although preliminary, give some insight into the importance of irradiation-

induced reactions in the HTGR system.

Description of Model. Because of the complicated nature of the

coolant chemistry of the reactor system, it is virtually impossible to pre-
dict the effect of impurity gases in a helium~cooled reactor without the
aid of a mathematical model. Several computer codes to evaluate the
coolant chemistry have been developed in the U.S, and in Europe. 1In this
study, data from the initial rise to power of the Fort St. Vrain HTGR were
evaluated using the GOP code, which treats the system in a fairly simple
fashion, but which attempts to include most of the anticipated chemical
reactions including the irradiation-induced reactions. An earlier version
of this code and the model on which the code is based were described pre-
viously (Refs. 4~17, 4-18),

The current version of this code (GOP-3) considers ten reactions,

including four thermally induced reactions and six radiolytic reactions.
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The kinetic rate expressions and rate constants used in the code for the

thermal reactions are depicted in Table 4~7. The rate constants for the -

gas—-solid reactions are for the chemically controlled rates.

It is, therefore, necessary to account for diffusion in and out of the
pores of the graphite. This is done in the GOP code by calculating an
"equivalent depth of oxidation” and by solving the Bessel functions for
diffusion from the interior of a hollow cylinder to obtain the volume

integral reaction rates,

The radiolytic reactions along with their yields (G values) are listed
in Table 4-8. The kinetic rate expression for these reactions is of the
general form

1/2€—A/RT ’ (4-9)

R* = EFchGT
where E = energy transferred to the gas molecules,
F = a partition function to account for distribution of active
species to the various paths,
F = a factor which accounts for the efficiency of energy transfer
from helium to the reactive gases at low concentrations,
G = radiolytic yield of the reaction in units of reactions per unit
of energy adsorbed in the gas,
T = gas temperature,

A = activation energy for the reaction.

Although some of the G values for the radiolytic rates have experimental
bases, the other parameters, i.e., distribution of active species and
efficiency of energy transfer, are merely estimates based on scientific
judgment. Thus, to establish the validity of the calculations, experi-
mental evaluation of these parameters is badly needed. The analysis of the
Fort St. Vrain data is one attempt to obtain experimental data for such an

evaluation.
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TABLE 4-7
KINETIC RATE EXPRESSIONS
Reaction Rate Expression Kinetic Constants(a) Reference
~40,900/RT, -1 -1
=] kKPuo k, = 0.513 ¢ /RTp =14 4-15
C+ H) > CO+Hy | - . 2
t 1+ kP, O 4 kP k, = 2.92 x 1070 ¢28,600/RT, -0.75
2'H, 3H0 2
Ky = 5.24 x 1077 ¢+27,500/RT, -1
k,P - -
a[-c] 1¥co,, k, = 16.7 ¢ 06,800/RT p =171 4-19
€+ €O, > 2€0 T T+ kP + kP 9 +29,50
2°co ¥ ¥3%co, ky = 1.13x 107 o 9,500/RT , -1
ky = 2.63 x 107> pa”
wp 2 K = 2.52 11 _-65,500/RT ,1/2 . =1/2 -1
CO + H,0 > CO, + H, |d[-C0] _ _“1CO "HpO 17 232 x 10 e Y7 mol s 4-20
de -
O + kP O)1/2 k, = 2.18 x 103§ mo1™"
2
d[-Co,] 13 -78,000/RT ,1/2  .~1/2 -1
0. + H > HO + CO 2" _p p M2, p 173 ky=1.2x 107 ™% 2 “mo1” s 4-21
2 2 2 dt 100, H, 2°Co, H, 4 -39,200/RT ,1/3_ .-1/3 -1
k2 = 7.6 x 10 e : L mol s
(a) —1; to convert calories to joules,

multiply by 4.18 and use R = 8.314 joule deg=! mol™'.

second (s).

Activation energies are given in cal/mol, and R = 1.987 cal deg_1
Other units are Pascal (Pa), liter (%), mole (mol), and

mol



TABLE 4-8

RADIOLYTIC REACTIONS CONSIDERED IN GOP-3

(a) Activation
Yield Energy

Reaction (reactions/100 eV) (cal) Reference
C + 2H20 > C02 + 2H2 0.9 o 422
C + CO2 -+ 2C0 0.675 - 4-23
2C0 » C + C02 1.0 —— b)
Co + HZO > CO2 + H2 0.179 200 424
H2 + CO2 -+ CO + HZO 0.757 215 4-24
C+ 2H, + CH, 1.0 - (b)

(a)

Radiolytic yields are normally given in G values, which are

the yields in units of molecules formed or removed per 100 eV (or 16

aJ) of absorbed energy.

(b)Assumed yield.

4=42




Integration of the rate of change in gas composition with distance
along the flow channel is accomplished by use of the Runge~Kutta method to
obtain starting data required by the predictor~corrector procedure at the
inlet to the flow channel and repeated use of Milne's predictor formula to
obtain integral solutions at subsequent points along the channel. Provi-
sions for input variations in temperature and radiation dose rate with
position, as well as variations of flow rate and flow fraction for differ-
ent regions of the core, allow considerable flexibility in modeling the

operating reactor.

Data on the temperature and power distributions, flow velocities, and
flow fractions for each of the 37 fuel regions of the Fort St. Vrain
reactor at three different times during the planned startup testing were
obtained from GA. These data were reduced to 5 or 6 equivalent regions.
For many of the calculations, satisfactory accuracy could be obtained when
the 5 or 6 equivalent regions were further reduced to a single region to
represent the entire reactor core. With the single~region representation,
1 hour of reactor operation at full power requires only 25 seconds of

computer time on the Control Data Corporation CDC-7600 computer system.

Results. Initial startup tests in the Fort St. Vrain reactor were
conducted in April and May 1975. During these tests the power was limited
to 2% of full power. Although the data were very limited, and to some
extent uncertain, valuable information was obtained which was compared

(Ref, 4~24) with calculated gas compositioms.

Startup tests were again resumed in July 1976 and operation continued
until early August. During these tests the reactor was operated at various
power levels up to 27% of full power. Gas compositions were analyzed by
gas chromatography sensitive to concentrations of less than 0.1 ppm. Table
4~9 lists the results of the analysis at five power levels. These levels
were chosen because the power was held relatively constant for a period
long enough to have a reasonable chance of nearing the steady-state gas
compositions. Table 4-~9 also shows calculated gas compositions for condi-

tions comparable to those of the tests. Since moisture input is probably

4-43



wy-y

TABLE 4-9
MEASURED AND CALCULATED GAS COMPOSITIONS FOR FORT ST. VRAIN STARTUP CONDITIONS

2% Power 7.5% Power 11.47% Power 19.5% Power 27% Power
Measured Measured 1 Measured Weasured ; Measured
GOP |7/15 to 7/20{ GOP |7/11 to 7/15| GOP {7/24 to 7/27| GOP 7/30 GOP |8/1 to 8/2
H20, ppm 20 30 16 50 33 34 102 100 90 80
CO, ppm 0.02 0.2 0.8 1 3.7 1.5 25 2 32 3
COZ’ ppm 1.7 0.7 4.9 3 13.3 2.5 56 6 60 7
H2, ppm 14 22 7.6 25 18.4 33 65 80 61 30
CHA’ ppm 1.0 0.3 1.5 1.2 6.0 2 35 3.5 45 3
H2/H20 0.7 0.73 0.5 0.5 0.56 1 0.64 0.8 0.67 0.38
H,/CH, 14 73 5 21 3.1 16.5 1.9 23 1.4 10
CO/CO2 0.01 0.3 0.16 0.33 0.28 0.6 0.45 0.33 0.53 0.43
Qutlet 240 240 330 330 390 390 450 450 500 500
temp, °C
0.018
H,0 leak 0.018 - 0.018 - - 0.18 - 0.18 -
rate, kg/hour
H2 purification rate
0.1 0 1 grel 1 0 1 0 1 1
H20 purification rate




due mostly to outgassing of the core components at an unknown rate, the

inleakage rates have been adjusted to yield a moisture level approximately
that observed in the tests. The measured impurity gas concentrations are
quite varigble, and thus the values listed in Table 4~9 are best estimates
of the steady-~state composition. The ratio of purification flow to total
flow was also varied during the testing period but was monitored. There-

fore, the measured purification factors were used for the calculations.

The hydrogen purification system was not functioning properly during
the testing period with the exception of the last 2 days of the 277% power
runs; therefore, one parameter which should be adjusted is the hydrogen
purification factor. This has been tested at the 27 power level and yields
an improved fit with the measured values, but this parameter has not yet

been considered at other power levels.

Discussion. The comparison of the data in Table 4-9 shows the extent
of agreement of the calculated gas compositions with the measured ones.
The extent of agreement is best indicated by comparing calculated and
measured gas product ratios. Obviously the agreement is not as close as
desired, but many meaningful observations appear to be possible. It should
be recognized that the model treats a system where the only source of
impurity is from leakage from outside the core. During the early stages of
startup this is certainly not true, since gases are being desorbed from the
core components. It could be argued that the gas compositions are entirely
dictated by outgassing rates and it is indeed true that the product ratios
fall within the widely varying product ratios reported from outgassing of
various grades of graphite. However, the almost steady source of gases
observed at constant temperature is not consistent with the exponentially
decreasing rate observed in outgassing studies. In addition, outgassing
should be very slow or nonexistent when the temperature is decreased during
the course of the test below the maximum temperature to which the core has
been exposed. For these reasons the tendency is to reject the theory that
the gases observed are solely a result of outgassing. Rather it appears

that chemical reactions are occurring between the graphite and the water
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vapor or other reactive gases, Also reactions are expected to occur

between the gaseous components in the coolant.

GOP estimates predict that thermally induced reactions make an almost
insignificant contribution to the reactions at the temperatures of interest
(up to 500°C). Therefore, radiolytic processes appear to be controlling

the system.

The gas product ratios are reasonably close to predicted values in
most cases. The gas composition data at 19.5 and 277 power, however,
clearly show that the code is overestimating the rate of the radiolytic
process. Changes will, therefore, be made in the code to bring the
prediction closer to the measured values. Studies are currently under way

to evaluate the functions which are most likely to be causing this error.

Future tests are expected to resolve some of the problems in interper-—
tation of the data because outgassing should continue to decrease and the
purification system will be operative for hydrogen removal. The true
success of this program is to be measured by improving the ability to more
accurately predict gas compositions in the HTGR., Some progress toward this

goal is already being made.
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9. HTGR FUEL DEVELOPMENT AND ENGINEERING
189a NO., 00551

TASK 100: FUEL PRODUCT SPECIFICATION

Work continued on the Fuel Product Specification support document.
The BISO ThO2 portion of the document was drafted and prepared for review
at ORNL.

TASK 200: ACCELERATED IRRADIATION TESTING

Subtask 210: Fresh Fuel Qualification

Summary and Conclusions

Irradiation of capsule P13V was completed on November 11, 1976. The

25

capsule reached a peak exposure of 9 x 10 n/m2 (E > 29 £J) R and the

HTG
end~of-1life Kr-85m fission gas release was <10 4 for all cells. The post-
irradiation examination (PIE) on capsule P13V is scheduled to begin in the

GA Hot Cell during the first quarter of FY-78.
The PIE of capsule P13T was started in the GA Hot Cell on September
10, 1976. The capsule has been disassembled, and the following PIE items

have been completed:

Fuel rod removal from graphite bodies.

Visual examination.

Dimensional measurements on graphite bodies and fuel rods.

SN -
°

Gamma scanning and fission gas release.

The PIE is scheduled for completion by January 1977, with a final report to
. be issued by March 1978.




Capsule P13V

Capsule P13V is a constant temperature and thermal cycle qualification
test of WAR TRISO and ThO2 BISO cured-in-place fuel. Irradiation of this
capsule was started on March 2, 1976 and was completed on November 11, 1976
when the experiment reached its peak design exposure of 9 x 1025 n/m2 (E >
29 £3) UTGR"®

Following the GETR shutdown on November 11, 1976, the P13V capsule was
discharged from the reactor on November 13, 1976. Neutron radiographs of
the capsule have been planned prior to its shipment to the GA Hot Cell.

The PIE on P13V is currently scheduled to begin during the first quarter of
FY-78.

Cells 4, 5, and 6 reached design temperature only 50 to 75% of the
time., During these periods, the temperature averaged 50° to 100°C below
design for cells 5 and 6 and 100° to 200°C below design for cell 4. The
low-temperature operation of these cells was caused by frequent GETR
shutdown, which resulted in generally low control rod bank positions. The
low rod bank position caused the flux seen by P13V to be generally skewed

from design conditions toward the bottom of the core.

Sufficient W/Re thermocouple decalibration data were internally gen-
erated from P13V so that a set of new decalibration factors could be
derived. 1In late October these data, when averaged with the decalibration
factors established for P13R and P13S, were used to modify the control
temperature set point for each of the P13V cells. As a result of this
analysis, it appeared that during periods in which the GETR rod bank was
greater than 25 in,, cell 5 of P13V was operated at near 1500°C rather than
the specified 1375°C temperature. The operating set point for cell 5 was
therefore changed from 1375° to 1500°C on October 22, 1976 so that this
cell would continue to operate at the control temperature set point

specified originally in the P13V Irradiation Test Plan.




Flow tests run during a recent GETR shutdown indicated that cell 3 and
the thermocouple cell had developed secondary-to-primary containment leaks.
Cells 1, 2, and 4 had previously exhibited these same leaks. In addition,
a special argon tracer gas test on all of the P13V cells indicated that
cells 5 and 6 also contained these leaks. This problem will be investi-
gated through the neutron radiographs planned for P13V and during the

postirradiation examination of this capsule.

Recent (October 3, 1976) steady-—-state operating conditions for P13V

are shown in Table 9-1 and in Figs. 9-1 through 9-8.%

Thermal analysis work on P13V was continued during the quarter. All
of the TAC2D computer models were completed for each cell and beginning-of-
life temperature matching was begun. Preliminary results indicated general
agreement within 10 to 157 between calculated and corrected thermocouple
temperatures. Efforts are under way to correct the calculated power in

each cell to account for the difference.

Capsule P13T

Introduction., Capsule P13T is the ninth in a GA series of LHTGR fuel

irradiation tests conducted under the HTGR Fuels and Core Development Pro-
gram, P13T is a large~diameter capsule containing two cells. Cell 1 is a
qualification test of reference fresh fuel [TRISO U02 (VsM) and BISO ThO2
particles] irradiated at 1300°C. Cell 2 is an evaluation test of reference
fresh fuel and recycle fissile fuel [TRISO UCXOy (WAR) particles] dirradi-
ated at 1100°C. The capsule was inserted in the ORR reactor in May 1975.
The capsule was discharged from the core on July 6, 1976 after being

25

irradiated to a peak fast fluence of 8.8 x 10 n/m2 (E > 29 £J) A

HTGR®
detailed description of the capsule is given in Ref. 9-1.

The detailed PIE plan for P13T (Ref. 9-2) was reviewed, comments on
the plan were resolved, and the plan was formally issued during the

quarter.

*Figures appear at the end of Section 9.
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TABLE 9-1

CURRENT(a) STEADY-STATE P13V OPERATING CONDITIONS
Fast Fluence R/B
Cell | Control Temperature (°C) (x 1025 n/m?2) Kr-85m
No. |Design | Decalibrated(b) Cell Contents (E > 29 fJ)HTGR x 1075
1 1250 1186 WAR UC2 TRISO/ 5.8 0.4
ThO, BISO
2 1150 TC failed WAR UC»p TRISO/ 7.9 0.4
(860) 946 ThO, BISO
3 1250 TC failed ThO7 BISO only 7.8 5.0
(1175) 1208
4 1250 1084 Unbonded reference 7.4 1.0
VSM UC, TRISO/ .
ThOp BISO particles
5 1375 1406 WAR UC2 TRISO/ 5.7 2.0
ThO, BISO
6 1250 1265 WAR UCZ TRISO only 3.7 1.0
Rod bank = 27.7 in.

(@) gctober 3, 1976.

(b)Decalibration factors based on P13R and P13S data.
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The GA P13T PIE cognizant engineer observed the P13T lead pipe cutoff
and shipping preparations at ORNL from August 23 to 25, The cuts and pack-
aging were done without difficulty. Neutron radiographs of P13T were not
taken at ORNL because all of the equipment needed to seal the experiment
within the ORR neutron radiograph facility was not available when needed.
In addition, it was desired to start the PIE of P13T in early September at
the GA Hot Cell. The capsule left ORNL via motor freight transport on
August 27, 1976 and arrived at the GA Hot Cell on September 8, 1976,

Capsule Disassembly. The PIE of P13T was started on September 10,

1976. All four graphite crucibles were removed from the metal containments
without difficulty. Removal of dosimeters and thermocouples from crucible

1 was difficult. This may be attributed to the following:

Te Crucible 1 experienced the most bow of the four crucibles.

2. Impure secondary containment gas was used for a short period
after the secondary~to-primary containment leak in cell 1 was

discovered during capsule operation.

Some evidence of apparent diffusion bonding between niobium dosimeter
containments was observed in crucibles 1 and 2. The new concept of placing
dosimeters in alumina vials within sealed niobium tubes appears to have
been quite successful and an improvement over the dosimetry containment

used in previous capsules.

The primary—-to=-secondary containment leak that was observed in cell 1
during the operation of the capsule was found to have been caused by leaks
around two thermocouple penetrations through the bottom head of the cell 1

primary containment.

Fission gas release characteristics were then determined on each of
the four crucibles utilizing the TRIGA irradiation facility at GA. The
results of the PIE fission gas release analysis for each of the loaded cru-

cibles are shown in Table 9~2, along with end~of-life in-pile R/B values
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TABLE 9-2

TRIGA RELEASE RESULTS FOR P13T CRUCIBLES
TRIGA EOL
Crucible Cell Kr-85m In-Pile
No. No. R/B Kr-85m R/B
(a)

1 1 1.3 x 1072 1.6 x 107

2 2 1.3 x 107 Cell 2:

3 2 8.0 x 1070 2.8 x 1070

4 2 2.6 x 10°°

(a)Crucible irradiated in TRIGA at room temperature;

R/B value shown corrected to 1100°C.
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for each cell of P13T. Because of a heater tube failure, crucible 1 was
irradiated in TRIGA at room temperature and corrected to 1100°C. Because
this results in a large correction, the R/B for four fuel rods from cru-
cible 1 were run in TRIGA at both room temperature and 1100°C to establish

the R/B relationship between these temperatures for capsule P13T.

All of the fuel rods were pushed out of crucibles 1, 2, and 4 and two
fuel rods were removed from crucible 3 without difficulty using the
unloading mechanism shown in Fig. 9~9. The force necessary to begin the
fuel stack movement in each fuel hole is shown in Table 9-3. ©Note that the
higher forces are apparently associated with Great Lakes Carbon Corporation

H-451 graphite.

Fuel Rod Visual Examination. General irradiation performance of fuel

rods after dirradiation was assessed by visual examination. The examination
was conducted using an in-cell Bausch and Lomb stereomicroscope with a
magnification range of 4 to 30X and a camera attachment for photography.
The criteria used during the visual examination for judging fuel rod
integrity are that fuel rods remain intact and experience negligible
debonding. In addition, the visual examination serves to characterize the

following:

1. Surface striations and fuel particle damage attributed to

unloading cured-in~-place irradiated fuel rods.

2. Fuel particle damage attributed to irradiation.

The general irradiation performance of all P13T fuel rods was good to
excellent, Figure 9-10 is a photomicrograph of fuel rods unloaded from
body 1, column B. The surface appearance of these rods is excellent and
representative of most P13T fuel rods. Two rods (2B1 and 2B2) exhibited

surface striations, which were attributed to unloading damage.

A significant percent of failed OPyC layers was observed in fuel rods

tested in body 1, i.e., values ranging from 1.1 to 27.7%Z. Generally it was
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TABLE 9-3
FORCE NECESSARY TO BEGIN FUEL STACK MOVEMENT
IN EACH FUEL HOLE OF CAPSULE P13T

Nominal Nominal
Fuel Rod | Fuel Stack Force Necessary to
Crucible Diameter Length Graphite |Begin Fuel Stack Movement
No. Hole (mm) (mm) Type (Newtons)
1 A 15.8 182.8 H-451 667
1 B 15.8 182.8 H~451 534
1 C 15.8 182.8 H~451 489
2 A 15.8 100.1 TS-1240 A
2 B 15.8 100.1 TS~-1240 22
2 C 15.8 100.1 TS-1240 22
3 () 15.8 100.1 H-451 356
4 A 15.8 121.9 TS-1240 <22
4 B 15.8 121.9 TS-1240 53
4 C 15.8 121.9 T8~1240 22
(a)

The remaining two fuel holes in crucible 3 were not unloaded as

this body is planned to be used for postirradiation annealing thermal
stability experiments under another ERDA program.




impossible to discriminate at V30X if failures were fissile, fertile, or
inert particles, The results of the visual examination are summarized in

Table 9-4,

Irradiation-Induced Dimensional Changes in P13T Fuel Rods. All P13T

fuel rods were carbonized in-place in the graphite fuel bodies. The rods
were fired with Grafoil disks 0,13 mm thick by 15.8 mm in diameter sepa-
rating all fuel-rod/graphite and fuel-rod/fuel-rod interfaces. The Grafoil
spacers prevented intimate bonding during carbonization; however, portions
of the disks, and in some instances intact disks, remained adhered to the

rod during preirradiation and postirradiation length measurements.

Preirradiated fuel rod dimensional measurements were made on histor-
ical quality control rods which were carbonized in graphite bodies and
removed. These rods were comparable to the actual irradiated rods and pro-
vided a statistical base for defining the dimensional limits of rods car-
bonized in-place. One axial and one diametral measurement were made on
each rod using calibrated micrometers. The tolerance on any individual
measurement was *0.013 mm. Table 9-5 presents statistical limits on the

diametral and axial measurements for preirradiated fuel rods.

Postirradiation fuel rod dimensional measurements were performed using
a calibrated dial gauge micrometer that could be interpreted to *0.013 mm.
Two axial measurements rotated 90° to one another were taken on each fuel
rod. Six diametral measurements were made at randomly selected 0° and 90°
orientations, Table 9~6 summarizes axial and diametral irradiation-induced
strains in P13T fuel rods. The table defines statistical bounds at the 95%
confidence level for mean axial and radial strains. The bounds establish
1imits based on the uncertainty of the preirradiated dimensional

measurements.,

Graphite Crucible Dimensional Measurements. Extensive measurements

were made on the graphite fuel bodies from P13T. The dimensional change
data for P13T graphite crucibles for axes both parallel and perpendicular

to the extrusion axis are presented in Table 9-7., Greater dimensional
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TABLE 9-~4

STEREO VISUAL EXAMINATION OF P13T FUEL RODS

Capsule Design

Maximum Force

Macroscopic Visual Examination at 20X Magnification

Failed OPyC Layers

P L2 (b) Required To i Upper 95%
Irradiation Conditions Remove Fuel Observed Attributed to Performance Confidence
Fuel Rod Fast Fluence Column From Surface Striations Failed OPyC Failed OPyC Bound on
Capsule Designation Temp. (x 1025 n/mz) Graphite Body Attributed to Layers Within Total No. of Particles Layers Failure
Ident. (2) 7161-008- °c) (E > 29 fJ)HTGR (Newtons) Unloading Surface Striations Observed on Surface (%) %)
1-1a1 01-9 1300 4.7 667 None NA(C) 350 10.3 14,0
1-1A2 04~-3 1300 5.8 667 175 1.1 4,0
1-1A3 07-9 1300 7.3 667 168 6.0 11.5
1-1A4 10-6 1300 8.4 667 700 6.1 8.0
1~1B1 02-10 1300 4.7 534 350 10.6 15.0
1-1B2 05-20 1300 5.8 534 350 18.0 23.0
1~1B3 08-11 1300 7.3 534 700 14.7 16.0
1-1B4 11-7 1300 8.4 534 350 3.7 5.5
1-1C1 03-12 1300 4,7 890 350 27.7 30.0
1-1C2 06-2 1300 5.8 890 350 12,6 17.0
1-1C3 09-12 1300 7.3 890 700 9.6 12.0
1-1C4 12-1 1300 8.4 890 700 18.0 19.0
2-2A1 13-2 1100 9.0 44 290 0 2.0
2-2A2 16-12 1100 8.8 44 0 2.0
2-281 14-5 1100 9.0 22 Yes 19 0 2.0
2-2B82 17-14 1100 8.8 22 Yes 21 2.7 5.5
2-2C1 15-3 1100 9.0 22 None NA 0 2.0
2-2C2 18~-4 1100 8.8 22 0 2.0
2-3B1 20-11 1100 7.9 356 290 0.3 2.
2-3B2 23~4 1100 7.0 356 583 9.3 11.0
2-4A1 25-6 1100 5.7 <22 175 0 4.0
2-4A2 28-6 1100 4.8 <22 0 4.0
2-4A3 31-7 1100 3.9 <22 0.6 3.5
2-4A4 34-7 1100 3.1 <22 0 4.0
2-4B1 26-12 1100 5.7 53 0 4.0
2-4B2 29-2 1100 4.8 53 2.8 7.5
2-4B3 32-15 1100 3.9 53 0 4.0
2-4B4 35-3 1100 3.1 53 0 4.0
2-4C1 27-4 1100 5.7 22 0 4.0
2-4C2 30~1 1100 4.8 22 0 4.0
2-4C3 33-9 1100 3.9 22 o] 4.0
2-4C4 37-8 1100 3.1 22 0 4.0
(a)

to the axial stacking sequence in the hole.

(b)
(c)

Not applicable.

Final thermal and dosimetry analysis not completed.

The first digit is the cell number, the second digit is the graphite body number, the letter refers to the axial hole, and the last digit refers

* . v



TABLE 9-5
PREIRRADIATED DIMENSIONS OF P13T
i FUEL RODS CARBONIZED IN GRAPHITE BODIES
\

Mean
Diametral Mean Axial Standard (a)
Measurement, My Measurement, Ma Deviation Number of Statistical Bounds
{1om) (mm) {mm) Measurements on Measurements
15.80 - 0.02 36 15.74 < My < 15.86
- 30.52 0.24 18 29.77 < Wy < 30.78
¥
= - 50.07 0.26 12 49.22 <, < 50.92
— 61.13 0.16 6 60.48 < My < 61.78
(a)

Statistical bounds defined such that no more than 1% of the measurements will be beyond
limits at the 957 confidence level.
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TABLE 9~6
IRRADIATION-INDUCED DIMENSIONAL CHANGE IN P13T FUEL RODS

. Irradiation-Induced Strain
Capsule Design (b)
Irradiation Conditions Diametral Strain, AD/D x 100 Axial Strain, AL/L x 100
Fuel Rod Fast Fluence Top Middle | Bottom Upper Upper and
Capsule | Designation | Temp. (x 10 n/mz) of of of Mean Lower Bounds Mean Lower Bounds
Ident. (@) | 7161-008- | (°C) |(E > 29 £J) Rod | Rod Rod |u_(©) on Mean(d) u, (e on Mean
HTGR D A

1-1A1 01~9 1300 4.7 -2.22 {-2.03 | ~1.90 |-2.02 |-1.65 < My S -2.40 -3.41 -0.97 < By S -4,22
1-1A2 04-3 5.8 -1.711-1.90 | -1.52 |-1.71 |-1.33 < My < -2.08 =-3.41 -0.97 < Hy < ~4,22
1-14A3 07-9 7.3 -1.14 1 -1.52 | -1.52 |~1.71 {-1.02 < uy < ~1.77 ~-2.03 ~0.98 < My S ~3.06
1-1A4 10-6 8.4 -1.58 | -1.46 | -1.14 1-1.71 [-1.02 < My < -1.77 ~-1.36 -0.31 < U, < ~2.64
1~-1B1 02-10 4.7 -2.09 | ~2.22 | -2.53 [-2.28 }{-1.91 < Hy < -2.65 ~0.56 -1.07 < < 1.95
1-1B2 05-20 5.8 -1.65 1 =-1.71 -1.77 | -1.71 |-1.33 < uy < ~-2.08 4,46 -5.06 < M, < ~2.05
1~1B3 08-11 7.3 ~1.33 1 -1.46 | ~1.65 |-1.46 [-1,08 < [ < ~-1.83 ~1.95 ~2.98 < u, < ~0.90
1-1B4 11-7 8.4 -1.71{-1.33 | ~1.14 [|~-1.39 |-1.02 < My < -1.77 ~0.57 ~1.62 < u, < 0.50
1-1C1 03-12 4.7 -2.221-2.22 | -2.41 ~2.28 {-1.91 < Uy < -2.65 -1.97 -2.79 < My < 0.49
1-1C2 06~2 5.8 -2.151-2.09 | -1.90 {~2.03 {-1.65 < My < -2.40 -1,87 -2.69 < u, < 0.59
1-1C3 09-12 7.3 -0.95 | ~1.14 | -1.46 |-1.20 {-0.83 < My < -1.58 -0.95 -1.99 < W < 0.11
1-1C4 12-1 8.4 -0.701-0.95 |-1.20 }-0.95 {~0.57 < vy < -1.32 ~1.44 -2.48 < My S -0.39
2-24A1 13-2 1100 9.0 ~1.52 | ~1.46 | ~1.33 |-1.46 |-1.08 < uy < -1.83 ~0.62 -2.27 < By < 1.09
2-2A2 16-12 8.8 -1.90 | -1.65 | -1.52 |-1.71 |-1.33 < My < -2.08 1 -0.68 -2.33 < u, < 1,03
2-2B1 14-5 9.0 ~0.82|-0.89 |[~-1.14 }-0.95 |-0.57 < Uy < -1.32 -0.88 -2.53 < u, < 0.83
2~2B2 17-14 8.8 -1.20 | -1,27 {-1.14 |-1.20 |-0.83 < up < -1.58 -0.68 -2.33 < My < 1.03
2-2Ct 15-3 9.0 -1.77 | -1.65 | -1.39 |-1.58 |-1.21 < by < -1.95 ~-0.78 -2.43 < Uy < 0.93
2-2C2 18-4 8.8 -1.65|-1.71 -1.58 |-1.65 |-1.27 < Uy S -2.02 ~0.26 -1.94 < Hy S 1.46
2-3B1 20-11 1100 7.9 -1.20 1 -1.46 | -1.27 |-1.33 |-0.95 < My < ~-1.70 ~0.62 -2.27 < by S 1.09
2-3B2 23-4 7.0 ~2.531-2,22 |-1.90 |-2.22 |-1.84 < My < -2.59 ~1.38 -3.02 < vy < .32
2~4A1 25-6 1100 5.7 -2.28 1 -2.22 {~2.09 [~-2.22 |~1.84 < by < -2.59 ~0.46 -1.30 < [T 2.04
2~-4A2 28-6 4.8 -1.96 1 -1.84 §-2.03 |~1.96 |-1.59 < My S -2.33 -0.79 -1.62 < My S 1.70
2~4A3 31-7 3.9 -2.411-2.28 |-2.28 |-2.34 |-1.97 < My < =2.71 ~2.20 -3.02 < Hy < 0.25
2~4A4 347 3.1 ~2.34 1 ~2.72 }=2.53 }~2.53 |-2.16 < Uy < -2.90 ~-1.97 ~2.79 < My < 0.49
2-4B1 26-12 5.7 ~2.28 1 -2.15 |-2.09 {-2.15|-1.78 £ up < -2.52 -1.21 -2.04 < Uy S 1.26
2-4B2 29-2 4,8 -2.66 | -2.53 | -2.34 |-2.53 |-2.16 < Uy < ~2,90 -3.87 ~4.68 < W, < -1.46
2-4B3 32-15 3.9 ~2.47 {1 -2.47 | -2.28 |-2.41|-2.03 < My < -2.77 -0.39 -1.23 < [T 2.10
2~4B4 35-3 3.1 -2.97 1 -3.29 |~3.29 |-3.16 |-2.79 < uy < ~3.53 -4.19 -5.00 < My S 2,77
2-4C1 27-4 5.7 -2.28 1 -2.34 | -2.15 }-2.28 |~1.91 < by < -2.,65 ~0.46 ~-1.30 < u, < 2.04
2-4C2 30-1 4.8 ~2.15}~-2.22 ;~-2.03 }|-2.15|-1.78 < Hy < -2.52 -0.72 -1.56 < Hy S 1.75
2-4C3 33-9 3.9 -1.96 | -1.90 |~2.09 {-1.96 |-1.59 < up S -2.33 -1.80 -2.63 < Hy < 0.66
2-4C4 36-8 3.1 -2.47 | ~2.28 |~-2.09 {-2.28 |-1.91 < vy < ~2.65 ~2.13 -2.95 < Uy < 0.66
(a)

The first digit is the cell number, the second digit is the graphite body number, the letter refers to the axial hole, and
the last digit refers to the axial stacking sequence in the hole.
(b)

(c)
)
(e)

Based on two axial measurements taken at right angles.

Final thermal and dosimetry analysis not completed.
Mean of top, middle, and bottom diametral strains.

Based on a 95% confidence statement that no more than 1% of the measurements will be outside stated bounds.
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TABLE

9-7

GRAPHITE DIMENSIONAL CHANGE DATA FOR P13T CRUCIBLES

Avg. Design Fast
Avg. lifetime |Fluence (x 1025 n/mz) AD/D (% Change)
Orig. Irrad. (E > 29 £J) .
Crucible |Graphite |Dimension| Temp. HTGR Top Middle Bottom
No. Type (cm) (°c) Top | Middle |Bottom 0° 90° 0° 90° 0° 90°
Diametral Change (Perpendicular to Extrusion Axis)
1 H-451 6.040 | 1070 3.7 -0.70 }|-0.71
6.114 8.7 -0.78 |-0.74 }-0.88 [-0.98
2 TS-1240 6.152 890 8.4 8.8 8.9 -0.48 |-0.40 |-0.44 |-0.41 |-0.61 |~0.38
3 H-451 6.101 890 6.4 8.2 -0.87 |-0.84 §~1.12 |-1.10 |-1.29 |-1.25
4 TS-1240 6.139 820 4.3 6.0 -0.20 }-0.24 |-0.19 | -0.32
3.5 -0.08 |-0.05
Length Change (Parallel to Extrusion Axis)
AL/L (% Change)
0° 90° 180° 270°
1 H-451 20.069 1070 8.7 7.2 3.7 -2.78 ~2.41 ~-1.92 -2,26
2 TS-1240 | 11.697 890 8.4 8.8 8.9 -0.99 -0.93 -0.94 -1.02
3 H-451 11.697 890 6.4 7.4 8.2 -1.40 -1.44 -1.53 -1.41
4 TS-1240 13.721 820 3.5 4.3 6.0 -0.22 -0.25 -0.26 -0.24




change per unit fast fluence was noted for H-451 graphite than for TS-1240

graphite, as had been expected.

Bowing measurements were also taken on all four P13T fuel crucibles;
the bowing data are presented in Table 9-8. Note that H~451 graphite
exhibits more bowing per unit fast fluence than TS-1240. The most bowing
was indicated in crucible 1. This may explain why the dosiﬁeters and

thermocouples from this crucible were difficult to remove.

Other Work Accomplished on the PIE of P13T. In addition to the

results discussed above, the tasks listed below have been accomplished
during this quarter on the PIE of P13T. These data, while taken, have not
yet been analyzed.

1. All of the fuel rods have been gamma scanned.

2. All of the empty graphite crucibles have been gamma scanned. «

3. Gamma scanning of the secondary containment was accomplished.

4, All of the secondary (piggyback) samples have been removed from

the four fuel bodies.

5. Once the fuel rods were removed the internal diameters of all

fuel rod holes contained in each crucible were measured.

6. Individual R/B measurements were made on each fuel rod (30)
removed from P13T, These measurements were made at the GA TRIGA

irradiation facility.

7. All of the dosimetry wires (27) were removed from their contain-

ment and transferred to Analytical Chemistry for analysis.

8., Coefficient of thermal expansion measurements have been started

on P13T fuel rods.
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Sl-6

BOWING MEASUREMENTS TAKEN ON P13T GRAPHITE CRUCIBLES

TABLE 9-8

DURING THE POSTIRRADIATION EXAMINATION

Body
Midlength Avg.
Avg. Design Lifetime Maximum
Orig. Fast Fluence Irrad. Peripheral Observed
Crucible Cell Graphite Length (x 1025 n/m2) Temp. \2 Angle Bow(b)
No. No. Type {cm) (E > 29 £J) (°C) (degrees) (mm)
HTGR

1 1 H-451 20.069 7.2 1070 0 0.65
90 0.39

180 0.70

270 0.40

2 2 TS~1240 11.697 8.8 890 0 0.06
90 0.10

180 0.08

270 0.03

3 2 H-451 11.697 7.4 890 0 0.24
90 0.21

180 0.22

270 0.22

4 2 TS~-1240 13.721 4,3 820 0 0.02
90 0.09

180 0.14

270 0.11

(a)

following completion of the P13T dosimetry and thermal analyses.

(b)

along the length of the crucible.

The fluence and temperature values shown have been estimated and are subject to revision

Defined as the absolute magnitude of the maximum difference between the high and low points



9. Tuel rod metallography has been started on P13T fuel rods.

10. Thermal analysis of the day-to-day irradiation history of P13T

has begun.

TASK 300: INTEGRAL FUEL SYSTEM TESTING

Subtask 320: FSV Fuel Test Elements

Preparation for fuel manufacture for FTE-3 through FTE-8 continued.

TASK 400: OUT-OF-PILE PARTICLE TESTING AND EVALUATION

Subtask 430: Isothermal Postirradiation Heating

Summary and Conclusions

Fuel coating behavior and fission product release have been studied
during postirradiation isothermal heating of TRISO UC2 and TRISO UC4 3O1 3
fuel particles. The conclusions drawn are summarized as follows:

1. Pressure vessel failure of TRISO UC2 fuels having a representa-
tive range of fission densities is low (3 failures in 180 par-
ticles) at temperatures in the range 1600° to 2000°C. The
dominant failure mechanism during isothermal heating in this

temperature range is SiC - lanthanide fission product reactions.

2, TRISO coating behavior and fission product release fractions are
functions of time, temperature, and fission density. Release
occurs more rapidly as temperature and fission density are
increased. TFor any constant set of conditions, lanthanide fis~
sion product release occurs first followed by Cs and then Kr-85
release, suggesting that individual models could be developed to
describe the release of each fission product. All fission pro~-
ducts were eventually released by migration through the SiC layer

and an intact OPyC layer.
9-16
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3. Comparison of experimental release data with LHTGR fuel perform-
ance predictions showed the fuel performance models to be con-
servative when applied under conditions like those predicted for
a hypothetical loss of forced cooling (LOFC) core heatup event.

4, Comparison of low~burnup (22.9% FIMA) TRISO UC and TRISO

4.3°%1.3

U02 behavior showed that the performance of the uranium oxycar-

bide and U02 fuel particles will be similar when heated in the
absence of a thermal gradient to temperatures greater than
1600°C, Arguments were also presented which suggest that higher
burnup uranium oxycarbide fuels will perform better than UC2 at

temperatures above 1600°C.

Introduction

A lengthy series of experiments has been initiated to provide data
describing LHTGR fuel particle performance under conditions predicted for
the hypothetical LOFC core heatup events that must be treated during
reactor safety studies. The test series will eventually include samples of
TRISO UC, and TRISO WAR-derived uranium oxycarbide (UCXOy) fissile fuel and

2
TRISO and BISO coated ThO, fertile fuel.

2

Core performance analyses show that fuel temperatures during a core
heatup event would increase from near normal operating temperatures to tem—
peratures in excess of 2000°C in a matter of hours and that thermal gra-
dients would be near—zero (isothermal). Studies of fuel performance during
such an event will begin with postirradiation isothermal heating of
unbonded particles at constant temperatures to define the effects of time
at temperature on particle coating behavior and fission product release.
These tests will be followed by tests to show the impact of the temperature
ramps predicted for various core heatup events on the behavior of unbonded
particles and, eventually, on irradiated fuel rods containing mixtures of

fissile and fertile fuel particles.
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This report summarizes the results of the initial tests of irradiated

TRISO UC2 and TRISO UC4.301.3

postirradiation isothermal heating at temperatures of 1600°, 1800°, or

fuel particles. The tests were done by .
2000°C. Fuel coating and fission product release data are discussed in
terms of kernel type and the concentration of fission products within the

SiC layers of the fuels tested.

Description of the Experiment

The purpose of thse tests was to provide an initial description of
particle coating failure and fission product release from TRISO fissile
fuels during postirradiation isothermal heating at 1600°, 1800°, or 2000°C.
Release of Eu-154, Ce~144, Cs=137, and Kr-85 was monitored as a function of
time at temperature., The tests were performed at constant temperature to
provide data on the kinetics of coating failure and fission product release
that can be used to predict performance under the varying temperature con-—

ditions projected for a hypothetical core heatup.

The properties of the test samples used are summarized in Table 9-9.
The three UC2 samples were from the same initial coating batch. The three
samples were isolated from the original coating batch and irradiated in
various tests to evaluate the impact of fission density on irradiation-
induced pressure vessel failure. These UC2 samples provided an ideal
source of material for higher temperature, postirradiation isothermal
heating studies designed to show the impact of fission density on coating
failure and fission product release during a core heatup event. Fission
density is a key parameter since it is proportional to the concentration of
fission products within a given particle, and the primary mechanism for

failure under the conditions studied is SiC - fission product reactions.

The properties of the UC2 particles are similar to the properties
specified for LHTGR fissile fuel (Ref. 9-3)., Selected properties of the
reference UC2 particle are given in Table 9-9 for comparison with the test

samples., To demonstrate the wide range of fission densities studied in

.



TABLE 9-9
DESCRIPTION OF FUEL PARTICLES USED IN POSTIRRADIATION ISOTHERMAL HEATING TESTS

616

Burnup in
LHTGR Fuel
Fission Needed to(b)
Data Retrieval Type Diameter Burnup Irradiation Densit¥ ) Achieve f ic
Number (um) (% FIMA) Test (fSiC) a (7 FIME}
4161-01-030 UC2 203 22.9 FTE-14 0.6 x 1021 32
4161-01-034~2 UC2 176 60.2 P13pP 1.2 x 1021 63
4161-01-032-02 UC2 133 60.6 P13P 1.9 x 1021 100
Reference HTGR uc, 200 78.0(%) — 1.6 x 10°" 78
OR 1694 UC, 04 5 314 22.9 FTE-14 0.5 x 10°] 27
(a)fSiC = fission per cubic centimeter inside the SiC layer.

(b)
(e)

Assume a 200-ym-diameter kernel, 100-um~thick buffer, and 30-ym—thick IPyC layer.
Peak LHTGR fissile kernel burnup.



this test series, the kernel burnups needed in reference UC2 fuel to obtain

the fission densities of the test samples are also shown in Table 9~9. .

One TRISO coated WAR uranium oxycarbide sample (UC ) was

4.3%1.3
included in this test series. TRISO coated choy fuel is being evaluated
as potential reference LHTGR fresh fuel for a number of reasons, including
an increased resistance to SiC - fission product attack during normal
reactor operation (Refs. 9~4 through 9-6). The WAR sample was included in
these tests to provide the initial comparison between TRISO UC2 and TRISO
UCXOy behavior in the isothermal environment postulated for a core heatup
event., The properties of this WAR sample are similar to those being

considered for reference LHTGR fresh fissile fuel.

All particles were carefully characterized prior to postirradiation
heating to ensure that they had not failed during irradiation. Visual
examinations and contact x-radiography were utilized as macroscopic evi-
dence of survival, Gamma-~ray spectrometry was also used to ensure that
fission product inventories were consistent with inventories expected for

intact fuel.

After particle characterization, 20 particles of each sample were
loaded into small graphite crucibles for heating at 1600°, 1800°, or
2000°C. The loaded crucibles were then gamma counted to define the fission
product content of each test sample prior to heating. These gamma-counting
data yielded Cs-137, Ce~144, Ru~106, and Zr-95 inventories. Initial inven-
tories of Kr=-85 and Eu-154 were estimated from the Ru-106 inventories for

each individual sample.

The postirradiation heating tests were conducted in resistance-heated
graphite tube (King) furnaces. Provisions were made for insertion of four
Ta containment tubes into each end of the King furnaces. Three of the
tubes at each end were available for test samples; the fourth was used to
optically monitor test temperatures. The heating configuration is shown
schematically in Fig., 9-11, 1In this series no more than four samples were

tested at any one time. The test samples and the temperature control
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sample were placed in each Ta tube so that operating temperatures of the
test samples were within *10°C of the temperature control sample. Remov-
able, water-cooled, Cu-coated, stainless steel cold fingers were then
inserted into each sample tube. The cold fingers were positioned so that
sample operating temperatures were not depressed relative to the tempera-

ture control sample.

Metallic fission products released during heating of the test samples
(Cs-137 and Eu-154) were collected on the copper-plated portion of the cold
fingers. The cold fingers were removed periodically. The Cu coating and
any trapped metallic fission products were stripped from the cold fingers
and analyzed quantitatively by gamma-ray spectroscopy. Release of gaseous
Kr-85 was monitored by periodically purging the atmosphere within the Ta
tubes through a liquid nitrogen cold trap and then gamma counting the trap

to analyse for Kr-85,

Release of Eu~154, Cs-~137, and Kr-85 was monitored without inter-
rupting the tests. Cerium release could only be measured when the tests
were interrupted, since Ce released from the particles was trapped in the
graphite sample holders. Cerium release was therefore measured by gamma
counting the coated particle samples and graphite holders separately during

test interruptions.

After completing the tests, individual particles from all samples were
gamma counted to define Cs-137 and Ce-~144 inventories. Selected samples
were then prepared for hot cell metallographic and electron microprobe
examination at Oak Ridge National Laboratory (ORNL) to define fission

product distributions that resulted from isothermal heating.

Results

Fission Product Release. Fission product release measurements showed,

with one exception, a period of very low release (<1%) followed by slow
release of the fission products being evaluated. The one exception

occurred during 1800°C heating of the UC, sample having a fission density

2
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21
of 1.9 x 10 fSiC'

release measurements confirmed that 3 of 20 particles burst shortly after

In this case visual examination and fission product

reaching 1800°C. This was the only example of pressure vessel failure
encountered in these tests. Considering that 60 U02 particles having this
very high fission density and a total of 180 UC2 particles having a repre-
sentative range of fission densities were heated at 1600° to 2000°C, the
probability of TRISO fissile fuel pressure vessel failure during a LOFC

core heatup is low (<2%).

With the exception of these three particles, fission product release
occurred by diffusion through intact outer PyC layers only after SiC fis-
sion product reactions rendered the SiC layer ineffective as an absolute
barrier to fission product release. A precise, quantitative description of
the release of individual fission products during isothermal heating must
therefore include the effects of time, temperature, and fission density on
SiC - fission product interactions followed by diffusive release of the
fission products through any remaining coating layers. It will be shown
later, however, that the LHTGR performance models now used to predict TRISO
UC, behavior are conservative relative to the observed fission product

2
release data,

A typical plot of fission product release versus time is shown in Fig.
9-12. The data are for an 1800°C anneal of a TRISO U02 sample having a
fission density of 1.2 x 1021 fSiC' In all cases, Eu-154 and Ce-144
releases were more rapid than Cs-137 release, which was more rapid than Kr-
85 release. The Eu and Ce release fractions were similar in each instance
where a direct comparison could be made, suggesting that lanthanide fission
product -~ SiC reactions are responsible for the reduced resistance of the
S5iC layer to fission product release. This is consistent with results from
studies of S5iC -~ fission product reactions that occur in the presence of a
thermal gradient (Refs, 9-4, 9-5), The long times before Kr-85 release was
detected imply that release of short~lived gaseous species would be very

low at temperatures as high as 2000°C.
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All particles heated were gamma counted before and after heating to
define the impact of isothermal heating on the fission product contents of
individual fuel particles. The effect of heating for 905 hours at 1800°C
on Cs/Ru and Ce/Ru activity ratios of the 20 particles having a fission

density of 1.2 x 1021 £ is shown in Fig, 9-13. Ruthenium was used as a

SiC

standard since it is not released from TRISO UC, fuel with failed coatings.

Thirty percent of the particles lost nearly allztheir Ce, while 707 of the
particles lost a portion of their Ce. Thirty percent of the particles also
lost nearly all their Cs, while 70% lost no Cs. There was a 1 to 1 corres—
pondence between particles releasing all their Ce and all their Cs. This
coupled with the lack of Cs release from particles having partial Ce loss
suggests that Cs release does not occur in TRISO UC2 fuel until 100% of the
lanthanide fission products has been released. The data in Fig. 9-13 also

show that the fission product loss detected in these tests was from indi-

vidual particles rather than uniform release from all particles.

The impact of fission density on fuel performance during isothermal
heating is illustrated in Fig. 9~14, which shows Cs~137 release as a func~

tion of time at 1800°C for the three samples of TRISO UC, tested. The con~

2
clusion that the time to some value for fractional release (i.e., 20%)
increases with decreasing fission density is applicable to all fission
products evaluated at each test temperature. Note in this case that fuel
having a fission density about equal to that expected for 1-year fuel did

not release significant amounts of Cs until after 2400 hours at 1800°C.

The only results which were in partial disagreement with those
described above occurred during testing at 1600°C. This test was inter-
rupted after 1030 hours at temperature by a loss of power. As a result the
samples cooled rapidly from 1600°C to room temperature. After about 1000
hogfs at temperature, the U02

10 fSiC had released 387 of its Eu~154 inventory and 6% of its Cs inven-

tory. The other three samples showed less than 3% release of any indi-

sample having a fission density of 1.9 x

vidual fission product.
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When testing was resumed, rapid fission product release was observed. .

An example is shown in Fig. 9-15 for the TRISO UC2 sample having a fission

21

density of 1.2 x 107 f£ The increment of fission product release noted

after resuming the testsigcreased with the fission density of the indi-
vidual samples. The rate of release was also higher than observed for
tests conducted at higher temperatures. These observations suggest that
the failure and release modes were different for these samples than for
those tested at higher temperatures. One hypothesis is that the §SiC
coatings which had been weakened by SiC - fission product attack cracked
due to the thermal shock experienced during rapid cool-~down. This is sup-
ported by metallographic evidence showing considerable fission product SiC
attack in the high fission density samples and little attack in the low
fission density samples. Because of this apparent change in behavior after

the rapid cool-down, data from the 1600°C test will not be used for times

greater than 1030 hours. .

Metallographic and Electron Microprobe Evaluation. A number of

samples were selected for metallographic and electron microprobe examina-
tion at ORNL after heating. The metallographic examinations showed
qualitatively that the degree of detectable fission product - SiC attack
increased with the observed fission product release. An extreme example is
shown in Fig. 9-16, which shows photomicrographs of a particle having a
fission density of 1.2 x 1021 fSiC after heating for 165 hours at 2000°C.
This particle released its complete inventory of Eu-154 and Ce-144, but
little or no Cs-137 and Kr-85. The photomicrographs illustrate three gen-
eral observations, The first is that SiC attack is uniform around the
inner surface of the SiC layer. This was expected since, in the absence of
a thermal gradient, there is no driving force for concentration of the
reacting fission products to any local region of the SiC-IPyC interface.
Secondly, although the fission products clearly penetrated the SiC layer,
the areas of obvious penetration seem to be filled with a new phase.
Electron microprobe examinations showed that no metallic species were cor-
related with this new phase, which suggests that it is primarily C. The

third observation is that the OPyC layer remained intact. This explains

why gaseous release (Kr-85) lagged behind metallic fission product release. ‘
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These observations will be utilized later in discussions of the kinetics of

Cs release,

The electron microprobe results were consistent with expectations
based on the behavior of TRISO UC2 fuels in a thermal gradient. The
observations for several key species are summarized as follows:

1. Those lanthanide fission products released from the kernels were
uniformly distributed throughout the buffer or IPyC layers. 1In
cases where lanthanide release occurred during heating, lantha-
nides were detected only in the kernels, implying that once SiC
failure occurs, lanthanide release is controlled by release from
the UC2 kernel.

2. Cesium and Ba were not detected in the UC2 kernels. The majority
of the Cs and Ba was uniformly distributed throughout the buffer
layer with smaller quantities detected in the IPyC layer. Lan-
thanide release had no impact on the Cs or Ba distributions

before detectable Cs release occurred.

3. Some Si redistribution to the IPyC layer and kernels was noted.

4, Chlorine was detected in nearly all particles examined. No clear

correlation between Cl and other species was noted.

Electron microprobe results for the TRISO UC4.301.3 were also consist-
ent with expected results. All of the Cs and Ba was released from the ker-
nels and found in the buffer layer. Although the Cs and Ba concentrations
were uniform in the circumferential direction, the concentrations decreased
with distance away from the kernel. No lanthanide fission products were
detected in the buffer or IPyC layers of intact samples (heated at 1600°C)
or samples from which metallic fission products were lost during heating at

2000°C. However, fewer lanthanide fission products were in the kernels

from the samples heated at 2000°C than in those which survived the 1600°C
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treatment. Silicon and Cl observations were the same as for the UC2

samples.

Discussion of Results. The discussion of results is directed toward

four principal areas. The first is a comparison between the results of
these tests and predictions made using performance models for LHTGR TRISO
UC2

during a cere heatup event. Secondly, the isothermal heating data are com-

fuel and shows that the LHTGR models conservatively predict performance

pared with data describing TRISO UC, fuel performance in a thermal gradient

to relate fuel performance under noimal operating conditions to performance
during a hypothetical core heatup event. The third area of discussion pro-
vides an evaluation of the kinetics of Cs release, suggesting that even
after lanthanide fission products penetrate the SiC, the SiC layer is a
more effective barrier to Cs release than the PyC layers of a TRISO
coating. The final treatment includes a comparison of TRISO UC2 and TRISO

data, showing that for low burnup fuel the UC, and uranium oxy-

Y€4.3%1.3 2
carbide show similar performance when heated isothermally to temperatures
above 1600°C., This observation is in conflict with considerable in-pile
(Ref., 9-6) and out-of-pile (Ref. 9-5) experience that shows uranium
oxycarbide performance to be better than UC2 performance under thermal

gradients at temperatures less than 1700°C.

Comparison of Isothermal Heating Data and LHTGR Fuel Performance

Models, Detailed models used to predict the performance of LHIGR TRISO

UC2 and BISO ThO2 fuels are provided in Ref. 9-7. Control of fuel perform-

ance in the temperature ranges studied here is assumed in Ref. 9~7 to
change from pressure vessel failure to failure by SiC - fission product
reactions as temperatures increase through a critical value defined as
crit Values for TCrit (°C) are

Tcrit = -3,45(BU) + 1869

for kernel burnups (BU) exceeding 207% FIMA or

T ., = 1800°C
crit
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for burnups less than 207 FIMA. Failure is assumed to occur instantane-
ously and to increase linearly with temperature from the pressure vessel
value at TCrit to 1007 at 2000°C. A new increment of failure is assumed in
the unfailed fuel each time Tcrit is exceeded and after each 100 hours that
the fuel operates continuously above Tcrit'

The UC2 samples tested in this series had been irradiated to burnups

of about 23 or 607 FIMA (Table 9-9). The two samples irradiated to 60%
FIMA, however, had different fission densities (1.2 x 1021 and 1.9 x 1021
fSiC) and the test results (Fig. 9-14) showed conclusively that fuel per-
formance was a function of fission density rather than kernel burnup. The
burnups used for LHTGR fuel performance predictions were therefore adjusted
so that the fission densities for the predictions equaled the fission
densities of the test samples. The equivalent LHTGR burnups are given in

Table 9-9,

Comparisons of observed Eu~154, Cs~137, and Kr-85 release fractions
and predicted failure fractions are given in Figs. 9-17, 9-18, and 9-19 for

UC, samples having fission densities of 1.9 x 1021 £ 1.2 x 1021 £

2
and 0.6 x 1021 fSiC’ respectively. The only data not shown are for the
21

1600°C test of the 0.6 x 10 fSiC sample. The predicted failure fraction
for this sample was approximately 1 x 10-4. Observed release fractions

during this test were 1 x 10-'2 for Eu-154 and 4 x 10—4 for Kr-85 after 1000
3

sic’? sic’

hours at temperature. The observed Cs~137 release fraction of 6 x 10
occurred nearly instantaneously and was attributed to a combination of Cs
contamination from companion irradiation samples and uncertainties in the

low Cs release fractions,

As a group, the experimental data show the basis for earlier state-
ments that lanthanide release precedes Cs release which precedes Kr-85
release and that release at any temperature increases more rapidly with
time as fission density increases. In one case (Fig. 9-18¢c), a very low
value for Cs release is shown before Fu release was detected. This is

attributed to a combination of Cs contamination from companion irradiation
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samples and uncertainties in Cs measurements for low release as discussed

above,

The data also show that separate performance models must be provided
for different groups of fission products to accurately predict coating
performance and fission product release. The most important conclusion to
be drawn from the comparisons, however, is that the LHTIGR fuel performance
models (Ref. 9-7) conservatively treat the behavior of TRISO UC2 fuels
during an isothermal core heatup. This justifies use of the models to
predict TRISO UC2

of hypothetical accident conditions on fuel and fission product behavior.

performance during analyses designed to study the impact

Comparison of Isothermal and Thermal Gradient Data. A series of

postirradiation thermal gradient heating tests, designed to study SiC -~
fission product reactions in TRISO UC2 fuel under conditions expected
during normal reactor operation, was recently completed. Preliminary data
are summarized in Ref., 9-4. Final data will be summarized in Ref. 9-5,
These tests showed that lanthanide fission products concentrate on the cool
side and react with the SiC layer of TRISO UC2 fuel in a temperature gra-—
dient and that reaction rates are independent of fission density. The
tests also provided a kinetics expression for estimating the reduction in
SiC thickness caused by SiC fission product reactions as a function of time
and temperature. The data also suggested that in a thermal gradient, lan-
thanide release may begin after penetration of about 507 of the available

SiC thickness.

A comparison of the time to 507 Eu-154 release determined from the
isothermal heating tests and the predicted time to 507 lanthanide fission
product release in a thermal gradient is shown as a function of temperature
in Fig. 9-20. The predictions assumed that the time to 50% lanthanide
release during thermal gradient heating corresponds to the time to a 50%
reduction in SiC thickness due to SiC - fission product reactions. The
average SiC thickness for the samples heated in the isothermal tests was 26

um. The data show that TRISO UC, performance in an isothermal environment

2
will be the same as, or better than, performance in a thermal gradient.
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The fact that the isothermal data from samples having the highest fission

21

density (1.9 x 10 ) are consistent with predictions made using the

fSiC
thermal gradient data suggests the rate of reaction for this high fission
density sample is not controlled by the concentration reactants. This also
implies that the lifetime of the lower fission density samples is a func-—

tion of the concentration of available reactants.

Analysis of Cs Release Data. Fission product release results

presented in Fig. 9-13 showed that Cs release from individual TRISO UC2
particles does not begin during isothermal heating until nearly 100% lan-
thanide fission product release has occurred. This suggests that Cs
release begins only after the SiC layer has been rendered ineffective as a
barrier to metallic fission product release. The rate of Cs release could
therefore be controlled by Cs diffusion through the PyC layers of the TRISO

coatings.

This hypothesis was tested by comparing experimental values for Cs
release with Cs release values predicted using the COPAR code (Ref. 9-8).
COPAR is used to predict diffusive release from multilayered coated parti-
cles as a function of diffusion within and release from the kernel and the
equilibrium concentrations and diffusivities of the species of interest in
the various coating layers. COPAR calculations were done at 1600°, 1800°,
and 2000°C., The three key sets of input data included the initial Cs dis—
tribution, partition factors, and Cs diffusivity. Based on the electron
microprobe data, all of the (s was assumed to be in the buffer layer at the
start of the tests. Partition factors (¢) are the ratios of the equilib-
rium Cs concentration in the i and i+1 layers (¢i/i+1)' One set of calcu~
lations (Type I) was done assuming that equilibrium concentrations in the
buffer, IPyC, SiC, and OPyC layers were equal (¢=1), while Cs diffusivities
in the SiC (DCSSiC_3
PyC (DCsPyC) to 10 times DCs

) were varied from values equal to the Cs diffusivity in
PyC* A second set of calculations (Type II)
was done assuming equal values for Cs diffusivity in the PyC and SiC

layers., These calculations were prompted by the metallographic and micro-
probe results which suggested that porosity introduced in the SiC layer by

escaping lanthanide fission products was filled with carbon. To account
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for the small volume fraction of these carbon-filled pores, partition fac-
tors at the IPyC-SiC interface were varied from 1 to 103. Nominal values

for DCsPyC (Ref. 9-9) were used at each temperature. Examples of the input
data used for 1800°C calculations are included in Table 9-10. A comparison

of Type I and II calculations showed that results assuming DCsSic =
pyC at ¢ values of 1 were the same as results assuming DCsSic = DCsPyC
for IPyC-SiC partition factors of 1/y. The results are therefore discussed

Y DCs

in terms of calculations assuming DCsSiC = DCsPyc and variable values for

PyC~SiC partition factors.

Since it was shown that experimental Cs release values represented
release from individual particles, the experimental Cs release data were
normalized to the fraction of particles releasing Cs for comparison with
the COPAR calculations. A comparison of COPAR and experimental Cs loss

results is shown in Fig. 9-21 for the 1.2 x 1021 £ sample during 1800°C

isothermal heating. When Cs release is controlledszgly by diffusion, the
time to detectable Cs release (delay time) is a function of the Cs diffu-
sivity through the coating layers. Delay times predicted for the Cs dif-
fusivities used in this study were on the order of hours or less. In the
example shown in Fig. 9-21, the time to detectable Cs release was approxi-
mately 400 hours, which is the time required for SiC - lanthanide fission
product reactions to render the SiC layer ineffective as an absolute
barrier to metallic fission product release. This comparison between COPAR
calculations and experimental data suggests that after the SiC layer is
penetrated by lanthanide fission products during isothermal heating, it
remains two to three orders of magnitude more effective as a barrier to Cs
release than the PyC layers. This same conclusion was drawn for all
samples heated at 1800° and 2000°C. Careful examination of the forms of
the COPAR and experimental release curves shows, however, that the COPAR
calculations as done do not yet accurately predict the release of Cs as a
function of time. A possible source of the discrepancy is the assumption
of no holdup in the buffer layer. The effect of input assumptions relative

to the buffer layer will be examined by additional COPAR calculations.
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TABLE 9-10 (a) (®)
KEY INPUT PARAMETERS FOR TYPE I'®’ AND TYPE II
COPAR CALCULATIONS AT 1800°C

Cs
Calculation | Particle |Dimensions Initial Cs Positi n) Diffusivity
Type Region (1m) Concentration | Factor (sz/S)
I Kernel 176§d; 0 10—4 4.9 x 10:2
Buffer 87 (o) 1 1.0 4.9 x 10_
IPyC 28(2) 0 1.0 4.9 x 10
5iC 25 053 0 1.0 a(s.9 x 10-2) ()
0PyC 34\¢ 0 4.9 x 1079
11 Kernel 176Ed§ 0 107 | 4.9 x 1077
Buffer 875 1 ,0 4.9 x 10
1PyC 28 03 0 (&) 4.9 x 10_g
sic zs(e) 0 o 4.9 x 10_g
OPyC 34¢ 0 ) 4.9 x 10
(a)

Type I calculations evaluated the impact of assumed values for Cs
diffusivity in SiC in calculated Cs release.

(b)Type II calculations evaluated the impact of SiC-PyC partition factors
on calculated Cs release.

c . . . . . .
( )Partltlon factor = ratio of Cs concentrations in the i and i+1
coating layers.

(d)
(e)
(£)
(8)

Diameter.
Thickness.
Values for o ranged from 1 to 10_3.

Values for ¢ ranged from 1 to 103.
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Comparison of COPAR and experimental release results at 1600°C showed
the kinetics of Cs release to be similar to calculated values if the PyC
layers were assumed to control release. This confirmed earlier suspicions
that the mode of failure and fission product release in these samples dif-

fered from the higher temperature failure modes.

Comparison of Low Fission Density TRISO UC2 and TRISO UC4 3O1 3

Performance. A direct comparison of the performance of low fission density

TRISO UC2 and TRISO WAR-derived UC4.3O1.3

generated in these tests. Release fractions for Eu-154 and Cs-137 are

is also possible from the data

shown in Figs. 9-22 and 9-23, respectively, for isothermal tests run on
both particle types at 1800° and 2000°C. There is no significant differ-—
ence in the data for the two particle types. A similar statement can be
made about the 1600°C results, although the fission product release data
were too low to be significant (<3% for any individual species). This leads
to a preliminary conclusion that the TRISO uranium oxycarbide and TRISO

UC2 will show similar behavior when subjected to heating conditions like
those predicted for a hypothetical core heatup event. This conclusion

must, however, be tested by studying the behavior of higher fission density

TRISO UC O samples.
Xy

The relative behaviors of higher fission density TRISO UC2 and UCXOy
fuels can be surmised from a combination of thermal gradient test results
and the results presented here. The isothermal heating results showed that
fission product release occurred earlier from high fission density TRISO
UC2 fuel than from low fission density fuel. This was related to the fact
that more fission products are available for SiC fission product reactions
in the high fission density UC2 fuel., Thermal gradient tests have already
shown that fewer lanthanide fission products are released from high fission
density TRISO UC4.3O1.3

(Refs. 9-4, 9~5), This implies that as fission densities increase, the

fuel than from high fission density TRISO UC2 fuel

performance of TRISO choy fuel heated under isothermal conditions will

improve relative to TRISO UC2 fuel. This reasoning leads to the conclusion
that the current LHTGR fuel performance models (Ref. 9-7) will be even more
conservative if applied to TRISO choy behavior than they were shown to be

for TRISO UC2 behavior,
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TASK 500: FUEL ROD TEST AND EVALUATION

The work reported here was performed in FY-76. This task is not

funded in FY-77.

Summary

Thermal expansivity was measured on HTGR fuel rods tested in the

P13Q irradiation experiment. Six fuel rods irradiated in capsule P13Q
2
to fast neutron fluences ranging from 4.2 to 9.4 x 10 > n/m2

(E > 29 £J) at temperatures of 1130 to 1435 K were tested in a

HTGR
thermal expansion measurement unit designed for hot cell use. Unirra-

diated, historical companions to the P13Q rods were tested out-of-cell

in an didentical device.

The mean coefficient of thermal expansion between room temperature

and 1073 K [&' ] ranged from 4.5 to 5.05 x 10-6 K~1 with a mean

é300—1073)
of 4.86 x 1076 k-1 for the unirradiated specimens. For irradiated

varied from 3.17 to 3.58 x 10—6 K“1 with a mean

%(300-1073)
of 3.44 x 1076 -1,

specimens,

Within the sample tested, O was independent of the

(300-1073)
relative fractions of fuel or inert particle types, fuel rod fabrication
technique, and rod curing environment. The thermal expansivity
[a(300_1073)] decreased by approximately 307 with neutron irradiation
independent of total neutron fluence or irradiation temperature.

Description of Tests

HTGR development fuel rods from the P13Q experiment were selected
for testing because of the variety of fuel and inert particle types
and fabrication techniques used in the fuel rods (Ref. 9-10). The

P13Q experiment exposed the fuel rods to moderate to high neutron
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fluences over a range of irradiation temperatures (Ref. 9-11). The
fuel rods measured in this effort are described in Table 9~11. The
rods tested were approximately 5.38 cm (2.12 in.) long and 1.58 cm

(0.62 in.) in diameter.

Two identical devices were built to measure the thermal expansion
of fuel rods. The design of the units incorporated a quartz dilato-
meter made specifically for 1.58-cm~diameter (0.62 in.) rods.

Figure 9-24 is a schematic of the units. Basically, the design con-
sisted of a quartz push-rod dilatometer [ (1) and (2)] mounted on a
brass water-cooled base (9) which butted against one end of a quartz
enclosure (3) inserted into a clamshell furnace (4). The quartz push
rod (1) pushed an Inconel rod (5) at the cold junction which was
attached to the core of an LVDT (6), which translated movement of the
core into voltage output. The specimen temperature was continuously
measured by a Pt-Rh thermocouple (7), which touched the bottom of the
specimen. The thermocouple was compensated at the cold junction brass
support (8). Instrument and power connections were made by quick
connects to a remote control station. The specimen was protected

during tests by inert gas purged into the quartz enclosure,

As reported earlier (Ref. 9-12), heating rate control is critical
to this design; therefore, a programmer and SCR control (10) were used
to generate slow, steady, and repeatable heating curves. The heating
program was determined by minimizing the difference between the
furnace temperature [thermocouple (11)] and the specimen temperature
[thermocouple (7)]. The heating program used resulted in a AT between

furnace and sample of 10 K at 675 K, 4 K at 875 K, and 1 K at 1175 K.

Both units were calibrated using the same heating program with
tungsten and graphite standards. During the early stages of cali-
bration, the decision was made to place quartz discs at each end of

the fuel rods to provide a flat, hard surface for dilatometer contact.
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CE~-6

TABLE 9-11
THERMAL EXPANSIVITY SPECIMENS - P13Q FUEL RODS
Average Total
Irrad. Neutron Fluence Volume Fraction Particle Loadings (%)
Rod Temp. (1025 n/m?) (a) (b)
Location (R) (E > 29 fJ)HTGR Fertile | Fissile Inert BISO Inert TRISO Fabrication Curing
Gl1-1B 1435 9.4 2 6 19 12 I C
Gl-2A 1380 9.0 2 7 17 9 C P
G2~1A 1180 7.2 2 10 13 8 C C
G3-1B 1155 5.6 3 15 8 8 C C
G3-2B 1155 5.6 3 15 8 8 c (e
G3-3A 1130 4.2 (@ - - - 1 c
(a)Fabrication symbols: I = injection molded, C = admix compaction
(b)Curing symbols: C = cured-in-place, P = packed bed.
(pired at 1773 k.
(d)

Thermocouple rod;

relative volume fraction unknown.



Subsequently, all calibrations included quartz discs at both ends of
the axial specimens. No quartz discs were used for radial measure-
ments. The tungsten standard used was a cylinder 5.16 cm (2.03 in.)
long by 1.27 cm (0.50 in.) in diameter, arc cast and polished, and
99.97% pure. The two graphite standards were machined from 2020
graphite, one cylinder 5.11 cm (2.0l in.) long by 1.59 cm (0.62 in.)
in diameter cut along the grain and an identical cylinder cut per-

pendicular to the grain.

The thermal expansion of the tungsten specimen was taken from
established literature values (Ref. 9-13) and confirmed by comparison
to an NBS traceable platinum standard. The graphite standards were
calibrated to the tungsten standard. Both units were calibrated using
tungsten and graphite standards in the axial [5.15 em (2.03 in.) gage .
length] configuration. Calibration of the radial [1.58 cm (0.62 in.)
gage length] configuration was done using the graphite standards.
In each calibration run the standards and quartz discs (for axial
configuration only) were deliberately inserted in the dilatometer as
randomly as possible so that calibration variance included the variance

of insertion and alignment of specimens.

The standard deviation measured for the calibration tests was
2% of the mean LVDT output between 300 and 1075 K. Therefore, the

reported results are considered to be accurate within *5%.
Results

Twelve fuel rods were tested: six irradiated rods and six un-
irradiadiated companion rods. Of the six rod types tested, five
exhibited essentially identical thermal expansivity. The rod type
in position G2-1A differed from the other types in both irradiated

and unirradiated states. The data are given in Table 9-12. -
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TABLE 9-~12
THERMAL EXPANSIVITY OF HTGR FUEL RODS - P13Q EXPERIMENT

%(298-1073) *(298-773)
(1076 -1y _ (1076 1 _
Ao Ao
Rod Type Unirrad. Irrad. (%) Unirrad. Irrad. (%)
Gl-1B 5.05 3.42 -32 4.60 2.98 -35
Gl-2A 4.87 3.44 -29 4.48 3.04 -32
G2-1A 4.50 3.17 -30 3.95 2.46 ~38
G3-1B 5.06 3.54 =30 4.63 2.96 -36
G3-2B 4.75 3.58 -25 4,31 2.85 ~34
G3-3A 4.95 3.51 -29 4.44 2.89 -35
Mean 4,86 3.44 -29 4.40 2.86 -35
Std. dev. 0.21 0.15 2.3 0.25 0.21 2
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The mean coefficient of thermal expansion between room temperature

and 1073 K [&' ] was measured to be 4.86 x 10“6 K"1 for all -
(300-1073) -6 -1

unirradiated rods and 4.94 x 10 K for the five consistent rod types.

The coefficient of variance (standard deviation/mean value) was 4% for

all rods and 3% for the five most con51steﬁg rg? types. a(300_1073)

for the irradiated rods averaged 3.44 x 10 K for all rods with a

coefficient of variance of 4%. Excluding rod type G2~1A, the mean

was 3.50 x 10_6 K_l, with a coefficient of variance of 27,

The thermal expansivity expressed as o decreased an

(300-1073)
average of 297 for all rods irradiated in P13Q. Typical preirradiation
and postirradiation curves of thermal expansion versus temperature are

given in Fig. 9-25.
Discussion

The thermal expansivity values measured on the fuel rod specimens
were nearly identical regardless of the fuel rod tested. Rod type
G2-1A differed from the other rods somewhat, but no explanation for
that difference is readily available, Other rods tested included
the same particle types and packing fractions, the same fabrication
techniques, and the same curing environment as rod G2~1lA. Indeed
variation of the above parameters apparently had no effect on fuel
rod thermal expansivity based on the results reported above. In
addition, neutron irradiation reduced thermal expansivity by about
307 regardless of the total fast neutron fluence or the irradiation
temperature. Any fluence or irradiation temperature dependency is
not obvious in this experiment, possibly because of the narrow

irradiation temperature range and moderate to high fluences.
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Three other variables which may be significant were not avail-
able for test in this experiment. Relative shim particle volume is
most likely to have an effect on thermal expansivity. The matrix
composition and fuel kernel fabrication process may also exert some
influence on fuel rod thermal expansivity. However, P13Q was a test
of fuel at about average HTGR reactor fuel temperatures and peak
fast neutron fluences. The fuel rods tested represented nominal

fuel types in an HTGR.

Within the limits of the P13Q experiment, the thermal expansivity
of representative HTGR fuel rods irradiated to peak fast neutron
fluence at average reactor fuel temperatures has been determined. The
mean values reported for all six rods have been used to generate the

design curves of Fig. 9-25.
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11. GRAPHITE DEVELOPMENT
18%9a NO, 00552

Characterization and irradiation of graphites for replaceable fuel and
reflector elements, core support components, and permanent side reflectors
are under way. The work includes irradiation, characterization, mechanics
of strength, fatigue behavior, writing of standards, structural integrity
of fuel blocks, and oxidation studies. Development of control materials is

also included, but no work is funded during FY-77.
TASK 100: FABRICATION AND OPERATION OF IRRADIATION CAPSULES
Capsule 0G~5

Work on capsule 0G~5 has been suspended due to the shutdown of the 0Oak
Ridge Reactor during FY-~77. Design documents, drawings, and completed
hardware have been stored pending resolution of the resumption of ORR oper-
ations. Assuming the ORR operates in FY-78, capsule 0G~5 will be completed

and assembled for shipment to the ORR for an early FY-78 insertion.

TASK 200: GRAPHITE SPECIMEN PREPARATION AND PROPERTY MEASUREMENTS FOR
CAPSULE IRRADTATION

Capsule 0G~3: Thermal Expansivity

Postirradiation work on capsule 0G-3 was completed with the measure-~
ments of the thermal expansivity of control specimens of H-451 graphite
(lot 426) and S0818 graphite. The measurements were used to compute the
irradiation—-induced changes in thermal expansivity (measured between
ambient temperature and 773 K) in specimens of these two grades irradiated
in capsules 0G-1 through 0G-3 to a variety of fluences and temperatures.

The results are summarized in Tables 11-1 and 11-27%

*Tables appear at the end of Section 11.
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The data in Tables 11-1 and 11-2, together with data on thermal .
expansivity changes in graphites H-429 and TS-1240 tabulated in the previ~ .
ous quarterly report (Ref. 11-1), are plotted as a function of neutron
fluence and irradiation temperature in Fig., 11-1, At the lower irradiation
temperatures (865 to 1045 K), the thermal expansivity first increases by 5
to 107 and then slowly decreases. At higher irradiation temperatures, the
thermal expansivity decreases by as much as 507 of its preirradiation
value, with the decrease most marked at the highest irradiation tempera-
tures. Data for all the near~isotropic graphites fall into the same band
regardless of orientation and log location, with the exception of grade
H-429 (small-diameter prototype of H-451); the irradiation-induced changes
in thermal expansivity for H-429 were lower than those for the other

graphites,

For convenience in design calculations, the data for irradiation-
induced fractional changes in thermal expansivity, Ao/o, for H-451, TS-
1240, and SO0818 graphites were fit to the following polynomial:

4

Aafo = (0.27830 = 4.2734 x 10°%T + 1.7815 x 10~/ 7%)0
-3 3

- 2.0664 x 10720% + 1.3601 x 1073¢°

where T is the irradiation temperature (°C) and ® is the neutron fluence
25 2
{1077 n/m”~ (E > 29 fJ)HTGR

included in Fig. 11~1. The curves are similar to the empirical design

l. Curves calculated from the polynomial are

curves currently in use.

A topical report on irradiation experiment 0G-3 is in preparation.

TASK 300: CHARACTERIZATION OF CANDIDATE GRAPHITES FOR PROPERTIES AND
PURITY

Replaceable Fuel and Reflector Elements

Characterization work on preproduction lots of graphite H-451 has been

completed., Work on Union Carbide Corporation (UCC) grade TS~1240 and AirCo .
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Speer (AS) grade 50818 has been suspended. Current work is concentrated on
production logs of H-451 manufactured for Fort St., Vrain fuel element
reloads. Approximately 350 logs were processed through the bake state
during FY-76,

H~451 Production Logs

One hundred of the 350 logs were processed through graphitization and
delivered to General Atomic for experimental purposes. Approximately 250
logs remain in storage in the bake state at the GLCC Morganton plant.

These logs will be completed and utilized for future FSV fuel element
reload segments. Thirty-four logs from this production order were procured
for experimental work on Task 11, Eight of the logs were resold to ORNL
and four to Brookhaven National Laboratory (BNL) for experimental work.
Approximately 45 of the logs were purchased by GA~ORNL for reprocessing
studies. Six logs were purchased by GA for fuel processing studies and an
additional 14 for fuel test element work, The following work is planned

under Task 11 on the H~451 production logs:

1. Characterization of four logs for properties and purity.

2. Tensile strength measurements on specimens taken from each of the

100 logs.

The tensile specimens were taken at the approximate midlength center
(ML.C) of each log (axial) and from an end slab (radial). Data will be
compiled to determine the mean and minimum tensile strength at the weakest

location (MLC) of each log.

In conjunction with testing the strength of the 100 production logs, a
round-robin test program is under way with GLCC to assure that tensile and
flexural test procedures give equivalent results. A log of H-451 was
sampled and the specimens divided randomly; one portion is being tested by
GLCC and a second portion by GA. Results are expected for the next

quarterly report,
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50818 Preproduction Graphite

Thermal conductivity values for 50818 graphite are given in Table

11-3. This completes the preliminary characterization of S0818.

Side Reflector Graphite

GLCC's grade HLM is under investigation as a candidate graphite for
side reflector blocks. Grade HLM is an extruded graphite 1.14 m in

diameter by 1.83 m long. A half log was purchased for characterization.

A summary of the mean values of tensile, flexural, and compressive
strengths of HLM is given in Table 11-4. Complete data sets are presented
in Tables 11-5 through 11-7, Thermal conductivity data are presented in
Table 11-8. 1In general the axial strength of HLM is highest at the outer
edge of the log and there is a gradient across the diameter from the edge
to the center. This pattern was less pronounced in the radial specimens.
The tensile strength values ranged from 6.8 to 13.8 MPa, flexural strength
from 13.8 to 20.8 MPa, and compressive strength from 35.3 to 44.7 MPa.

Core Support Floor Graphites

UCC's grade PGX is under investigation as a candidate graphite for
core support floor blocks. Grade PGX is a molded graphite 1.14 m in

diameter by 1.83 m long. A full log was purchased for characterization.

A summary of the mean values of tensile and compressive strengths of
PGX is given in Table 11-9, Complete data sets are presented in Tables
11-10 and 11~11. The tensile values of PGX range from 8.1 to 11.4 MPa and
the compressive strength from 38.3 to 45.7 MPa. The strengths in the
radial direction were slightly lower than those for the axial direction.

There was a gradient from end to end in the log, but not along the radius.
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Core Support Post and Seat Graphites

Stackpole Carbon's (SC) grade 2020 and GLCC's grade H~440 are candi-
date materials for core support post and seat components. Grades 2020 and
H-440 are fine-grained isostatically molded graphites. Grade 2020 is manu-
factured as logs 254 mm in diameter by 1828 mm long, and grade H-440 is
manufactured as a preproduction log with a cross section of 330 mm by 330
mh and a length of 1828 mm. Production logs of H-440 will be 254 mm in
diameter by 2108 mm long.

Grade 2020 is being characterized first. A summary of the mean values
of tensile, flexural, and compressive strengths of 2020 is given in Table
11-12. Complete data sets are presented in Tables 11-13 through 11-15.
Thermal conductivity data are given in Table 11-16. Grade 2020 is uniform
in strength along the radius, but the longitudinal center had a higher
strength than the ends. The tensile strengths range from 14.1 to 18.9 MPa,
the flexural strengths from 25.0 to 27.4 MPa, and the compressive strengths
from 78.5 to 78.6 MPa.

TASK 400: FRACTURE MECHANICS (FORMERLY STATISTICAL STRENGTH STUDIES)

No work funded under this subtask inh FY-77.

TASK 500: FATIGUE BEHAVIOR OF GRAPHITE

Ambient temperature uniaxial fatigue tests are being conducted on PGX
graphite, The test procedures and methods of data analysis were described

in an earlier quarterly progress report (Ref. 11-2),

Three series of tests were completed during the current reporting
period. Forty fatigue tests were completed on radial specimens with a 1:1
tension-compression loading cycle (R = -~1). The second series consisted of
34 baseline tensile tests on axial specimens mounted in the fatigue

machine, The third series consisted of 48 fatigue tests on axial specimens
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with a tension-zero—~tension loading cycle (R = 0). The results of the .

tests are given in Tables 11-17 through 11-19,

S§~-N curves for the two sets of fatigue data, plotted in log-log co~
ordinates, are shown in Figs. 11-=2 and 11-3. The lower population toler-
ance limits calculated by statistical analysis are included in the figures.
As expected, the endurance limits for radial specimens tested with a stress
ratiog3 R, of ~1 are lower than the equivalent endurance limits for R = 0
[reported in the previous quarterly (Ref. 11-1)]. For 507 survival to
100,000 cycles, the endurance limits for R = =1 and R = 0 were 74 and 85%,
respectively, of the mean tensile strength. Endurance limits for the axial
specimens tested with R = 0 were slightly lower than the corresponding
limits in radial specimens. A final series of tests on radial specimens
with R = -1 is in progress, These tests will complete the planned fatigue

tests on PGX graphite,

TASK 600: RDT AND ASTM GRAPHITE STANDARDS

This section concerns the writing of RDT graphite standards for HTGR
graphite component materials. These standards are funded as a subtask
under Task 11 work. ASTM standard work on nuclear graphite will be moni~-
tored and progress will be reported. The ASTM work is by industry

concensus and as such is not a part of the Task 11 scope.

RDT STANDARDS

Fuel Element and Replaceable Reflector Graphites

The final draft (No. 5) of E6~1 is under review by ERDA,

Permanent Side Reflector Graphites

The first draft is being written.
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Core Support Floor Block Graphites

The first draft is being written.

Core Support Post and Seat Graphites

The first draft is being written.

TASK 700: TIRRADIATION-INDUCED CREEP IN GRAPHITE

This work is funded at ORNL.

TASK 800: STRUCTURAL INTEGRITY OF GRAPHITE BLOCKS

Residual Stress Analysis

Residual stress calculations were performed for FTE~3, -5, and ~-6. In
addition, stresses were recalculated for the eight-hole teledial element
FTE-4 and the six-hole teledial element FTE~-14., Previous results for FTE-4
and FTE-14 were reported in Ref. 11-1., The recalculations were made to
correct errors in the physical property data that had been used in the
earlier calculations. The results of the calculations were compared with
preliminary experimental results obtained during the examination of the

test element bodies in the hot cell.

Analyses of FTE-3, -4, =5, -6, and -14

Residual stresses were calculated for FTE-3, -5, and -6 in the same
manner as discussed previously in Ref., 11~1. During the analysis, an error
was found in the treatment of thermal expansivity for H~327 graphite by the
GTEPC program (Ref. 11-3). It was also discovered that the test element
bodies had been machined from the outside portion of the H-327 graphite
log. As a result, the elastic modulus is believed to be better represented
by the midlength edge values (12.41 GPa in the axial direction and 4.826

GPa in the radial direction) than by the average of midlength edge and
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midlength center used previously. Both of these corrections were made in
calculating stresses in FTE-3, -5, and ~6 and were also incorporated in

recalculations for FTE-4 and ~14.

A brief summary of the end~of-life (EOL) fluence, maximum and minimum
temperatures, and stresses is given in Table 11-20., The maximum and mini-
mum temperatures and stresses occurred at the same locations for each test
element., These are illustrated in Fig. 11-4 and listed in Table 11-20.
Because of the notch, the stress computed at location 359 by the linear
elastic and infinitesimal displacement model is not likely to be reliable.
This is expected to have a negligible effect on stresses in the remainder

of the test element.

Comparison of Amalytical and Experimental Results

In order to verify the residual stress calculations, long specimens
were cut into strips and disks were slit along a radius., Measurements of
the changes in dimensions following cutting were compared with predictions

based on the calculated stresses at EOL,

The axial stress distributions were used in conjunction with beam
theory to estimate the bow of strips (Fig. 11-5). 1In computing the defor-
mation of disks after a slit cut, the GTEPC finite element program was
used. A half-disk model was constructed, and the hoop stresses adjacent to
the surface of the slit were converted to nodal forces and applied in the
reverse direction to the model to compute the relative displacement after
cutting. As an example, the change of maximum principal stresses after the

cutting of a FTE~3 disk is presented in Fig. 11-6,

Analytical and experimental results are presented in Table 11-21. The
in~plane stress calculations appear in better agreement with the prelimi-
nary experimental measurements than the axial stress calculations. The
reasons for the differences between the analytical and experimental results

are currently under investigation. Possible explanations include errors in
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the material data (thermal expansion properties in particular), or the
analytical method, and perturbations in the measured bow due to the strip-
cutting technique,
TASK 900: CONTROL MATERIALS DEVELOPMENT

No work funded under this subtask in FY-77.
TASK 1000: GRAPHITE OXIDATION STUDIES

The HTGR Fuels and Core Development Program work on graphite oxida~

tion, previously reported under Task 4, 189%a No., SU001, will be reported
under this task of 189%a No. 00552 in FY-77,

Scope of Work

Graphite oxidation studies comprise two major efforts: (1) charac~
terization studies, in which rates of reaction and the effect of oxidation
on mechanical properties of candidate graphites are determined and (2)
tests where specific model assumptions or theoretical predictions are
tested or validated. The objective of the characterization work is to
supply statistically relevant rate and strength data as input to computer
codes for calculation of the effect of steam ingress in the reactor. The
objectives of the validation tests are to verify code assumptions, models,
and theoretical predictions and to reduce uncertainties in the results of

the code calculations.

Characterization Studies

The characterization work will eventually include all candidate
graphites. During FY-77 only GLCC grade H-451, a replaceable fuel and
reflector element candidate, and SC 2020, a core support post candidate, .

will be studied,
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Oxidation Rate Measurements

The reaction rate measurements include parametric studies of graphite
oxidation for determining rate constants in the Langmuir-Hinshelwood equa-
tion, which 1is the basic equation used in the OXIDE~3 computer code (Ref.

11-4). The parameters being studied are: water and H, concentration,

2
temperature, degree of burnup, and sample configuration. The initial
portion of the first phase of this work, concerning grade H=-451 graphite,
has been reported previously (Ref. 11-1). 1In Ref. 11-1 it was shown that
the Langmuir-~Hinshelwood equation is not valid over the wide range of water
concentration which could occur in the reactor [5 Pa to 0.1 MPa Hzo (50
vatm to 1 atm)]. It was discovered that a distinct change in the rate con-
stants occurred at about 300 Pa H20. The most reliable and accurate data
were obtained at water vapor pressures above 300 Pa, and so rate constants
in the high concentration range were reported. At present, rate constant
determinations are being measured in the low-pressure range (<300 Pa HZO)‘
This work is scheduled for completion in June 1977. Two sets of reaction
rate constants for water vapor concentrations may be recommended, one in

the range 10 to 300 Pa and another in the range 300 to 3000 Pa. Stack-
pole's grade 2020 graphite will be studied next.

Effect of Oxidation on Mechanical Properties

The goal of this effort is to determine the mechanical properties,
ultimate tensile strength, modulus, and strain at fracture, and in some
cases ultimate compressive strength, as a function of uniform burnoff.
Large numbers of cylindrical graphite tensile specimens are being oxidized
under conditions which achieve a uniform oxidation profile. After pre~
determined burnoffs (percent weight loss), the samples are tested to
fracture. The mechanical property data thus obtained are compared with
nonoxidized control specimens to determine the changes caused by oxidation.
The first phase of this work on H~451 graphite was reported in Ref. 11-5,
Reference 11-5 alsoc presents data for burnoffs of up to 20% at 1173 K and

up to 2% at 1073 K and details on sampling and test procedures. The
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samples oxidized at 1073 K will ultimately be taken to higher burnoffs. .
Stackpole's grade 2020 will be studied next. -

Validation Tests

A test is being planned to determine the mechanical properties of
graphite with a nonuniform oxidation profile. Oxidized slabs of replace-
able fuel and reflector element (grade H-451) and core support post {grade
2020) graphites will be cut into bar specimens and tested in four-point
bending. Their strength will be compared with predictions based on their
oxidation profile. A test plan for this experiment is being written.
Design and construction of the test apparatus will be initiated upon

completion of the test plan.
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TABLE 11-1
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL EXPANSIVITY OF H-451 GRAPHITE
IRRADIATED IN CAPSULES 0G~1, 0G~2, AND 0G-3
Average
-25 Percent
Mean Irradiation | Fluence 10 Change
Location Temperature (n/m™) in CTE
Lot | Log No. Orientation| in Log (K) (F>29 fJ)HTGR (295-773 K)
266 | 5651-28 Axial Midlength 915 2,0 +1
center 935 3.7 +3
935 5.5 -3
1045 1.9 +6
1195 2.3 -4
1205 4.5 ~15
1170 0.4 ~24
1270 8.5 -38
1335 3.0 -7
1665 3.2 -4
1660 6.1 =34
1660 9.0 ~47
Midlength 1045 1.9 +4
edge 1125 1.9 +2
1110 3.6 +2
1255 2.8 -11
1260 5.3 -20
1480 6.3 -30
1515 9.2 ~43




A

TABLE 11~1 (continued)

Average
-25 Percent
Mean Irradiation| Fluence x 10 Change
Location Temperature (n/mz) in CTE
Lot | Log No. Orientation| in Log (X) (E>29 fJ)HTGR (295~773 K)
266 15651-28 Radial Midlength 915 2.0 +3
center 935 3.7 +7
935 5.5 0
, 1045 1.9 +9
1195 2.3 -9
1205 4.5 -9
1170 6.4 -23
1270 8.5 -43
! 1335 3.0 -7
| 1665 3.2 -9
1660 6.1 ~34
1660 9.0 ~46
Midlength 1045 1.9 +2
edge 1125 1.9 +2
1110 3.6 +2
1255 2.8 -11
1260 5.3 -18
1480 6.3 ~27
1515 9.3 -4
426 | 6484~34 Axial Midlength 970 1.8 +10
center ! 1040 2.4 +11
1655 2.9 +15
Radial Midlength 970 1.8 +10
center 1010 2.4 +9
1655 2.9 +13
i
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TABLE 11-2

SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL EXPANSIVITY OF
S0818 GRAPHITE IRRADIATED IN CAPSULE 0G-3

Average
-25 Percent
Mean Ivrradiation) Fluence x 10 Change
Location Temperature (n/m2) in CTE
Lot | Log No. Orientation| in Log (K) (E>29 fJ)HTGR (295-773 k)
4B | 6484-22 Axial Midlength 1040 2.4 +3
center 1655 2.9 -12
Radial Midlength 1010 2.4 +7
center 1655 2.9 ~-11




TABLE 11-3

THERMAL CONDUCTIVITY DF S(818 GRAPHITE

LA N B A A A A A A B LA R L RZ 3 ¥ L 2 R 2 L A X 2 8 2 L L EX A J § 3 )

LOT NUMBERS 4B LUG MUMBERE 648Uw=g?
ORTEN® LiCAe SPECIMEN THERMAL CUONDUCTIVITY (W/Mar) ATS
TATINON TION NUMRER

295K 473K 673K BT3K 1073k
(22C) (200C) (400CY (60uCY (BOOC)

LA L A LA L L A L L L L L AL ALEEE LTI XYY Y At Byt i iRy Yy Y Ly y L Ronx ¥

AXTAL MLC 3AL51D 124,6 104,3 84,2 67.7 59,2
3ALSHE 122,7 100,44 81,3 66,8 58,7
3AL550D 125,7 102,9 83,8 69,7 59,7
3AL55E 125,6 109,33 90,7 73,6 66,9
38Le20 113,6 98,9 78,6 05,9 59,1
3I8LO2E 108,6 98,4 78,1 65,5 58,7
IBLonA 113,9 101,86 78,2 66,0 57,1
3BLo6R 115,6 111,0 B8,5 Td,e 65,1
LA LA LY YT R L Y Y Y Py Yy YRy T
MEANS 118,8 103,3 82,9 68,7 60,6
STD, DEV: 6,6 4,6 4,8 3,6 3,5

LA A A X A A A A X XA A T A2 R R Xl X P Ryl i X R X X R ey X X vy y Y

1122




TABLE 11-4

MEAN STRENGTH VALUES OF GRADE HLM GRAPHITE (LOT 367, LOG 6484-78)

(MPa)

Axial

Radial

Slab 1 Slab 6

Slab 1

Slab 6

EC EM EE MLC MLM

MLE EC

EM

EE

MLM

Tensile

7.8] 9.4 113.8] 6.8 9.3
+2,1] +1.0 | +1.2] +1.0| +2.2

13.3 | 11.9
+1.8 | +1.8

12.0
+0.7

11‘9
+1.1

9.9
+1.3

10.6
+1.7

12.4
+0.8

Flexural

16.3| 16.9 | 20.8| 13.8/ 18.0
+1.9] +1.9 | +1.5| +2.6| +1.7

20.8 | 17.9
1.4 | +1.7

17.7
+1.6

16.6
+1.4

17.5
+2.1

17.4
+1.7

17.9
+1.3

Compressive

38.1] 35.0 | 39.8| 35.3| 35.4
+0.9| +1.5 | +1.5| +2.2| +3.2

41.1 | 43,0
+1.8 | +1.1

41.0
+1.8

41.6
+2.4

40.5
+1.6

42.6
+1.5

44,7
+1.0
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TABLE 11-5

TENSILE PRIPERTIES OF MWLM GRAPHITE

LA R 2 A A L LY Y DL L LR LR LR 2% F L L L.k}

LOT i, 387 8PEC, DI4, 12,8 MM
Lilfs U, aURU=TH 8PEC, LENGTH Ty, M#
i DEYEITY wma MG/M**§

n-w-qunn.oumn.m‘nnnonﬂ-wannuudn-nwnuwun.qpnuwcnu--monnupn--an
SPECIMEN 1/RIEMTe (11CAe DENGITY YUUNGS PERMe FRACw TENSILE
WmMBeE R AT ION  Plunw (MG MxaddIMLDULUS ANENT  TURE STRENGTH
(GFA) SET  S8STRAIN (MPAY
tRCTY  (PCT)

GEHREEP DR RV PP RSP RN PR RO TR PR Ee B e e e w M

Y
e f BO DO~ DLWDI NS HAGT DA L L0002 D

1024 AKX EC
tuah Ax EC

1ACwEw{nA AX EC 1,784 7.0 L0200 L1851 g9,
«12A Ax EC o788 0,7 d018 o 175 R
w22A Ay EC 1,795 e
®2Us 4K EC 1,768 740 L0016 s 156 R
vha AX £C 2
nRA Ay EC e

1t Ay EC R .
128 AX EC ®
1RA AX EC .
2ol Ax EC 0
2a8 Ay £C s
2uB AX £EC .
1B =g 106 AKX £ 1,78v .
1OREB AX EC 1,7R4 .
Guk AY £C 1,787 ’
948 ax EC 1,785 °
&
&
®
L]
#
L ]
&
[ ]

E2E A D P D DD P RO O -

Tosd 4X EC
IHCE=Y 0RA Ay EC
904 AX EC
928 AX EC
QuA ax  EC .
9pA AX £
nmnwnnmﬂ-n.nnannmnwmmnu-mnnq.-nnmnn.pnq?.ppw.w-nnu-n-nun-n [ R X3 3}
ME AN 1,784 6,9 JO1B 164 .
(1.00 Mp8IY { 1124,8081)
$Th, DEV, W0UH el o002 4u10 @41 )
{ .02 mpsl)d { 304,P81) .

LR LAY L A -3 L R A LYY Ly Yt L I FY Y LR A L1 L 2 X 2 2 L % 2 8 L 8 K AR 2 X
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TABLE 11-5 (Continued)

TTENSILE PROPERTIES UOF  HILM  GRAPHITE

BPRDP PRI P DI RPN PRI LR PR P B RS

LOT N0y,

307

LOG NU, &U4Bu=TR

LO6 DENSTTY we

MG/Mrw

SPEC, DIA,
SPEC, LENLTH

12,8 mm
T1e MM

ta.aanuﬂw..wunwn‘n.-u--nQ'npnniuintnpw.-q.u.ﬂ'u...u’n..nun-nnn

SPECIMEN DMRIENTe | UCAe DENGITY YUUNGS PERMe FRACW TENSILE
WUMBE R ATTIOMN  TI0N (ME/Max3)MNDULUS ANENT  TURE STRENGTH
(GPa) SET  STRLIN (MPp)
- ) - (PCT) (RPCT)
PEOSOLRPE PP RP R R TR RPE YRR P ERPRRRR R RO R R RN PR PR RO R R BE RSB W R
1ACE= 31 FRAD EC 1,772 6,7 0e3 s 268 12,5
27  wAD £C 1,773 5,9 21 251 12,2
1y RAD EC 1Q777 6,3 A s 291 13,3
gy RAD EC 12770 el 2 023 299 18,8
08 RAL  EC 13,2
ne RAD EC 14,3
2% kAD EC 13,7
25 WAL EC 18,7
28 WAL X9 12,5
1BLEm1 13  RAD EC 1,788 6,5 W16 0190 9,9
117 ®aD EC {4 78% 18,73
133 kAl £C 1,784 P : N30 a21d 10,4
137 RAD EC 1780 6,9 «014 e 160 LI
1BCEw11y RAD EC 1843
118% wAD EP 7.5
11e RAD £EC 10,5
131 KAD EC 12,8
138§ Kap EC 11,7
139 ®AD EC ) ) ) 11,6
HPRAAT BB RNTRPRRP R RIERTRDeTerRR NP R R R R R PR R RPN SR P EOEMD
ME AN 1,780 6,6 021 239 11,9
{ ,9% MpSs]) { 1724,»81)
8§70, DEV,  Luur T 4% 2008 083 148
0 ouu_MPSI) ( 254,PS1)

BPRERRRR R P e PR PR PO RPN RN PP PR E NP e T el R PP s e R PR RO RER W
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TABLE 11-5 (Continued)
TENSILE PRUPERTIES OF HLM  GRAPHITE

PROVER DA EAP PO NP PR IR BRI e a

LT Hu, 387 SPFC, NDIl4, 1é,8 MM
LING Wy puBu=TA SPEC, LENGTH 71, MW
LUG DENSITY ee MG/MwR ]

nonunn-ﬂnn‘nquunnp-Q.n...nq.nndﬂwuﬂnuﬂqm'nnﬂﬂﬂnﬂwnnm-nvnwmvnnn
SPECIMEN nRIENT= | QCA= DENSITY YOUNGS PERM=  FRAC=  TENSILE
NUYMBER ATION  TIOH (MG/MxeIMODYLYS ANENT  TUKE STRENGTH
(GPa) SET  STRAIN (MP 4
FRCTY (PLT)

I FY TIT LI YTEI IR YRR R PR R Y NS R AL LR XA DX S8 3 X A% X B 0 2 L 2 X X 2 B X X

1aYE= 300G aX g~ 1,769 9,6
Thh AX 3% 1,778 Be7 s 117 o168 9,0

ush ay Ev 1,171 Teld 018 128 B,2 .
SdA AKX Ew 1,78% 0,85 JNEN 2181 8,5
1A AX £ 8,9

Jub Ax B 946 i
wph Ax EM L
4aR bX p M 8,8
gk AX kM By6
Saﬂ AX gEm Bep
IpYgellag AX EM 1,782 hoR J080 200 10,3
1184 AX g™ 1,779 Tt RUB R s 176 Feb
1308 Ax g 1,701 6,9 el 201 10,3
1BYEal38A AX b 1,767 7ol W15 » 190 10,6
1104 ax E™ C |
11RE AX BM Q.1
1264 AX EM .2
126H AX EM el
13nh AX EM 11,4
13848 AX EM 11,4

PR EPSTRP e PR RO PPt resPoReRgReeRenaepPefgeeep oo Beeapew

MEAN 1,774 7.0 018 o 176 9,4
(1,01 MP8]L) i ( 1367,P81)
8T, DEV, 2008 +3 Y 026 1.0
( .08 "P8I) ¢ 140,P31)

YT T TT T e Y Yy LY IR r ey ey 2P RS A A2 e X A X2l R i 2 A X X A 0 X2 22
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TABLE 11~5 (Continued)

"TENSTILE PRUPERTYES OF "WLM  crAPHITE

A2 2y R f YRR Y RL LAY ALY TS EYY YL Y 3 4 X

LUt NQ. 7 SPEC, DIA! 12,8 Mm
LOG NO, 64R4U=TH SPEC, LENGTH Ti, MM
kDG DENSITY me MG/M**}

.---w'.-'Q'--ﬂﬂﬂlﬂﬂﬂﬂnpﬂ..ﬂ.ﬂ-‘ﬂ.‘”'..Q'..Qﬂﬂ'.ﬂ'l”ﬂ‘l.".ﬂMnﬂ
SPECIMEN (DRIENTe LLpA=s DENGITY YOUNGS PERMe FRACS TENSILE
NUMBER ATION  TION (MG/Mee3)MODULUS ANENT  TURE STRENGTH
(6Pa) SET STRAIN {(MPA)
(PeT)  (PLT)

(X I L XYL Ly L 2-LX Y 1 LR 3 X 8 FE R L2 A XL X L2 2 F ¥ 3 2 K R .2 2 K2 2 L X B L 2 2 2 % 3 K X

LAYE= 4% RAD EM 1,772 6,7 s 080 2878 12,1
49 RAD (X 1,772 5,3 . 030 0 304 12,7
5% wWAD Em 1,778 6,3 s N26 s 51 11,8
67 HAD E4 1.773 €e3 s 02H s €76 12,6
4z HAD B 10,7
49 RAD Em 10,9
§1 WAD (XY 1247
(3! HAD Em 12.“
6% HAD Eu 18,7
69 wal EM 12,0
1BYEweiRY RAD £ 1,783 el W26 g €64 12,0
157 RAD EM 1.787 he 128 249 11,7
1BYE=tyy RAD  EM 1.766 bol Ned 2 €70 12,0
178 RHAD B M 1,766 5,9 129 s €74 11,8
151 RAD Em 12,9
188 KAD g 13,1
199 HAD Em c. . . . 1247
169 wAD EM 12,0
17% RAD EM P10
179 Ral g™ 11,4
ﬂﬂ.t’!ﬂﬂ-!,‘FOUQH-qﬂﬂvﬁnﬂ'-uﬂn?ﬂﬂnﬂ#.ﬂ'.nnnﬂﬁ'ﬂ..ﬂﬂﬂn.RQF-..mﬂ'ﬂ'
ME A 1774 6,7 0E8 §271 12,0
i ( 90 mMpS8I) ( 1745,p81)
~ 10, DEV, DUT 0 ? L 003 s U7 o7
{ 03 mMP81) { 106,P8])

BBt PR R RO R PR e PR R R RO R R R SR Yoo RRY P RPN PR RB PO BRR
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TABLE 11-5 (Continued)
TENSILE PRUPERTIES 0F WM  GRAPHITE

L2 A 2 L 2 X Y X1 X2 Xy e kb Ry X 2 X B B XX ¥ I3 2 2.3 XJ

LUT Nu, 367 SPEC, D14, 12,8 mu
LUG Nty 64B4e78 8PEC, LENGTYH 71, MM
LG PEHSITY o= MG/Mgh ] _

--on.uu-so.!n.n-nmqnnw”--.--um;n.n-uoin-q--n-u-ﬂﬂnuﬂwuﬂvnhwn-u
SPECIMEN (MRIENTe | (JCA= DENSTTY YCUNGS PERMm FRACe TENSILE
MUMBER ATION  TION (MG/Mea3)MUDULLS AMENT  Tpkg STRENGTH
(GPa) SET  8TRAIw (MP4)
(RPeY) (PT)

LA R I A A R Y LR LAY Y2 A 22 2 A PR X R 2 2 2 2 X2 2R Y X2 XYY X X0 B 2 0 0 ¥

{AEE= 6Nk aX EF 1,769 Tab o019 P53 14,2
GUA AX EE 1,770 T3 2018 s 265 16,8
Tab Ay bE 1,757 Teth 2 015 s £R0 12,8
kaa Ay EE 1,771 6.3 21 o814 10,3
6hhA Ay EE _ 14,6
bUb Ay EF 14,3
Teh AX Et 13,7
728 AX EE 13,4 -
Teh Ax EE 12,4
Bub AX tE 11,9
1BEE=1aul AX EE 1,787 B o 13,6
14RA AX EE 1,778 Te? 022 s 282 18,0
1608 AX FE 1,767 747 019 g 2706 15,1
1688 AX EE 1,772 7.9 015 0241 13,9
{a4d AX EF {6,9
{a8p Ay EE j4,8
1564 AX EE . . 48,7
1868 AY EE 14,7
160b Ax BE f4,1
18R Ax EE 14,1
nnnunwn.mn'-uunwmu-nunnumnmwnnwaun!ﬁwﬂ~nnn?.mﬂnnn.nuv"".nwn-np!
ME Aty 1,772 T4 LO18 0251 13,8
(1,08 MPgI1) L 2006,P81)
8T, DEV, L UN9 o b 4003 025 1,2
( 08 MPETY ( 178,P81)

LA A L A L XA R L XX iR Yl Y Y iR rYYIE 2RISR R Y XY YR R NY ]
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TABLE 11-5 (Continued)
TENSILE PROPERTIES OF HLM  GRARHITE

BPERDI PRI PP RPN PSRN R R R PO R P ®

LOT NO, 367 SPEC, NIA, 12,8 M
LUG NO, 6dBua7H SPEC, LENGTH 71, MM
LUG NENSITY we MG/Manl

--n--n--u-.u...--uanannnn-nn--dn-nmﬂq-un--nuuﬂqn--ﬂn--v.-nn-na
SPECIMEN ORTENT® { (1CAes DEMSITY YOUNGS PERMw FRA(- TENSTLE
HUMBE B ATIUN  TIUN (MO/4as 3IMODUL LS ANENT  THRE STRENGTH
(GPa)Y SET  8TRAIN {uRA)
(PCTY  (PCT)

L L2 X 0 X1 Y X 23 3 3 2.3 2 0 2 % 2 2 2 ¥ L% X3 3 X2 2 2 2 2 X 3 R 2 R ¥ 2 2 4 A 2 R -2 3 3 R R N -2 0 X 8§ 3 ¥ N ¥

1aEE= 8% Rab EE 1,708 6,7 o 031 293 11,9
By RAL £ 1,770 5e8 » N9 « 319 12,5
99 RAD  EE 1,765 5,6 ,039 209 8,9
103 RAD EF 1,768 5,8 eS8 g 224 10,0
79 RAD EE 12,6
83 RALD LE 11,4
87 RAD  EE 13,4
97 RAD EF 12,0
191 RAD  EE 12,7
1AEE=i 08  RAD LE 13,1
{BEE=189 RAD  EE 1,785 5,9 L034 285 11,9
193 RAD FE 1,783 11,8
207 PAD EE 1,766 Seb L) 2893 1 Y
211 RaAD EE 1,768 S:6 0 038 0 294 1147
1R? RAD  EE 12,3
191 RAD EE 1046
198  RAD  EER 12,9
20$ #AD EF 117
209 RAU  EF 12,8
21% ®AD EE 18,8
R WP W e R g P TR G e OB A OB 5B W ap W OB 5B 5 WD D B IR W g e W0 B0 99 TR Gr AW M O 6P VO W B D W G W 0D 0B o W 9 W W
MEAN 1;771 5;8 .“33 .37“ 11!9
o ( .85 MPSI) ¢ 1724,p81)
S$TD, DEV,  ,008 4,008 L0618 1,1
{ 06 MP8]) { 15%,P8SI1)

LA P A 2 A PR re il LYy syt ALyl Yy Ly LYY Ry Y S 2 3 ¥ I
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TABLE 11-5 (Continued)
TENSILE PRUPFRTIFS UF  HLM GRAPHITE

LY TS YIS YY LY X R R A2 X 2 2 R XXX 20 % 3 0.4 3

L[JT N{J. 367 geecﬂ DIA. o 13.6 A M
LG NU, 64B4=T8 SPEC, LENGTH 71, MM
LUG QLVSIYY LY HG/Mi*;

L2 X2 L X F LA E RN X .4 0 8 2 2 X ¥ X XL X EXF 3 0y y g3 X X 2 2 X F 3 3 2 K A 2 2 2 X X 3 3 7 X3 B X 3 % N 3% )
SRECTIMEN RTENTe | (0Ae DENSITY YUUNGE PERMe FRACe TENSILE
NUMBER ATIun  TIun (MB/uas d)MUDUL U aNENT  TUKE GYREMGLTH
(GFPAY SET BTRAIN (MPAY
(PCT) (PCT)

'
LY XY AR PR R ERELLE AR Y FFY R E LRI REEYYSTSE SRS XY X F 8 2 2 3 |

6ACH 0B AX ML C 1,791 % 019 G119 7,0
124 4ax MLL 1,794
ZEA hX ML C 1,80} hye? .Qg5 .1}“
248 AX M C 1,799 b,2 Y- o 156
104 AX MG
0RR A X “LE
Vht AKX MiC
128 AX w6
hACMe JRA AX MLE

20h AXx ML C
ePB hX MiC
2UH A X ¥ C
nBCM= 9ul AN “LC 1787

Gnh at MLL 1,798 6,2 Juel o136
SRA AX wLC 1,805 B,3 o N8 g 180
1uel AX MLC 1794

924 AX ML

9uh AX MLC

968 AX MLE
QB AX MLE
10Ul AX Mt L
oA AKX MLC

LLE 0T NN NP N O AT D
F® ® ® ® ® @ B W B ® G B B W B B DB B D W
LBEST~ DR O IOWN IR NT O~V OBV D

-unwnn--n.-nnmunawummmnuwnqqn-mnmn.nn{nmu.r"q-pnmnn::vnmvp::“npnn 2 R X 1
) ME AN 1,790 6,5 G022 e 139 R
) ( 9% MP8I) ( 89,PS]1)
8T, DEvV, 2006 05 « 003 s 019 1,0
’ T G DT MpgY) { 148,P81)

L P T LT EE TS YRS FYREYYY R YFYPLEY ALY Y Y SRS R N R 22 L R R0 g} 4 A2
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TABLE 11-5 (Continued)

TENGILE PRUPERTIES UF MWLM ~ grAPHITE

LA X A A A X2 A A I YL R At XX LYYy Y  Fy . yy;

LOT NO_ 367 SPEC, D14, 1, b nM
LUG NU, sUBLUwTR 8PEC, LENGTH 71, MM
LUG DENSITY ew MG/ Mard

REePRCR PR R O Y e R PR P R e PR RN PP RS PR P e O RN R e PO PR PR R TR RR T W
SPECIMEN NRIENT= | UChe DENSITY YLUNGS PERNe FRACS TENSILE
NUMBE W ATIUN  TION (ME/Mex33MODULUS 2hgNT  TURE STRENLTH
(GPAY SET §TRAIN (MPA)
(RPCT) (PCT)

mnw-q.nm-n.-u.nmunqn.npn-u..umﬂmnqwuuuuﬂwunnnﬂuﬂ.nun.nmm--mnﬂm

bACM 07  RAD MLC 1,800 byt sUEb o 171 B,9
1y FRaO L 1,796 6,7 i s 244 11,9
28 HAD MLC 1,798 Tel 0 129 s 16V 9.7
29 RAD M C 1,797 be? , 1258 e 141 7.7
0§ RAL MLC 117
aACM 9o  RAD MLC 8,72
13 RAD MiLC 16,8
23 RAD M C 8,3
27 RAD ML L 10,3
1y RAD MLC 7,0
okl 118 RAD ML C 1,790 6,3 o026 205 1040
119 RAD ML 1,794 L] iyl Iy 11,3
133 RAD  m( 1,797 6ol L , 180 9,1
137 RAD MLC 1,798 be%B 028 « 180 G,3
113 RAD it 10,9
117 Ralb mC 10,3
121 RAD  MLC 1140
131 RAD ML C Ve 7
138 rRaD rLC 11,0
139 RAD R 10,2

LA A AR LAS LA A AL AR NI Y R X Y Y Y T Y T T P T Y T L Yz

ME AN 1,796 beb cNEk 0 194 9.9

{ .96 MpP8I) ~ ( 1431,p81)
870, DEV, p 103 - W02 , 038 1,3

( .08 MPST) { 198,P81)

LA L AL A A LA T A A L ARSI 2 2 2 P I s XTI TP Y Y I 222 7 r I Y rY Yy ey Y
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TABLE 11-5 (Continued)

TENSILE PRUPERTIFS UF  HLM GRAPHITE

L L 2 A 2 2 F 2 X A XX AR Xy 2y L i dry X sy LR 3}

FUT s, 367 8PEC, DIA, 8,8 MM
LOG Ny puBaw78 SPEC, LENGTH T1e MY
LOG “&N%!TY Ly Mi/Mand

LA E L £ 8 2 A 2 X ¥ L2 2 % 2 A X FX 4 X2 X 4R ¥y KSRl A Ry ryy Yy yeIyeyYyoyry i oyyyyryyy)
SPECIMEN ORJENT= {UCle DEMNSTITY YOUNGS PEkMa FRACS TENSTLE
NIMRER ATION  TIOW (ME/mex3)MUDULUS ANENT  TOKE STRENGTH
(GPa) 8T 8Tkyh (MP )
(PCTY (PCT)

LA A LA LYY L2 L A2 LYl Py il i X2 2y 2 X 2 82 X ¥y

DAYM  Rng aX Ml 1,79
TuA AKX ML M 1,804 Be? 021 W 149 8,3
up8 Ay MLM 1,798 by
524 AX MM 1eR0s el
bAYM  ZNA AX M w 9,2
3“8 AX Mt 10,8
4PA AN L 8.7
u28 ax My, M b,h
Heh AY MM 13,0
528 AX Ml 9,5
6RYM 1128 AX MM 1,797 beb 083 5193 9,8
114 AX M M 1.800 Tot 027 sl b6 9,3
1288 AX MM 1,792 5,7
13uA AX MLM 16798 Bop pn 0EC »169 10.8
1124 AX ML 16,0
{18 AX My m 9,0
1244 Ay ML _ 12,3
1guB AX My, ™ 10,7
128A AX My M 11,6
1348 AX MM 11,1
LA T A A L LY AL LY 2 e Yl Tl el ryY Y i Y YEres Ry Ty B gy
ME AN 1,798 742 023 169 9,3
(1,05 MPSI) ( 13852,PS1)
8T, DEV, ,005 .8 003 018 2,2
{ .18 MPBI) ( 3le,PS1)

LA LA AL A A X PR A LA A AR R L 2 a1 2 A L Xy Ryl iRy Yy}
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TABLE 11-5 (Continued)

TENSILE PROPERTIES B MWLM GRAPHITE

s Y3 I R YYFEYSYETERY YR LR 3R R 0-X X ONOU 0 R R R OB % ]

1.OT NO, 367 SPEC, via, f2.8 v
tOG YU, puRu=78 SPEC, LEMGTH 71, =M
LQG f)&NSITV 2 ® MG/M**;’

LT Ty aEye sy r L Xy LYY LR YY Yy R R rY YRR I YA YRRy YOy ¥R
SPECIMEN nNRIENT® |()CA» DENSTTY YLUNGS PERM= FRAC= TENSILE
G MBER AyIUN  fI0N (MG/rwe3IMOLyLUS ANENT  TuRE GTRENGTH
(6Pa) SET  STRAIN (MPa)
(PLTY (PLT)

P L Ly L Y gy X ey Pyl ryrre Yy Lty EEyry L Ry LY XYYy X g pyy -}y )

oAYNM 48 RAD ML~ 1802 6,8 01129 e 200 10,0
49  RAp MM 1,79% 6,7 o 24 , 189 9,9
63 RAD M 1800 6,5 i p 205 10,9
pAYM g9  RAD il L 1,00 b8
4% RAD My P 10,8
47 RAD M 10,%
51 RAD M, b 11,3
51 KAU ML 10,3
6% RAD ML 18,1
69 RAD Min 13,72
6BYM 183  RAL  MLM 1,.7%e 6,41 0 1€9  g268 11,9
157 RAD L 1,788 B5¢9 ol €9 W 87U 11,7
171  RAD My 1,797 6,1 o128 $ 207 9,9
178§ RAUD M 1,786 5.6 sueh o272 11,0
159 RAD MM 12,0
188 ~AD MM 11,8
156 RAD MM ) 10,0
1690 RAD MLM 11,1
17% RAD M M 10,3
177 RAD mp M 10,6
B W@ an T w g gp W G S 0 0 RGP WP R P up W T N G U G 0 0 B0 gp WP 0 W R UP OR am 00 U B 55 TR gp 90 OB 95 00 R 0B IR TR 0B OR 6D 09 6B 9B 9B I TP ®
ME AN 1,798 6,2 W27 L 230 10,6
( .91 MPE]) ( 1%42,PSI)
§TD, LEV, DT o 4 .02 038 1,7
( 086 MPgl) { 4B, P8I

LA B L L LI Y YL LAl Xl R XX LYy LR b 2 R X L0 X XX 2 L 3 2 2 4 % 2 2 X L L R -2 2 K4 X FJ %7 ]
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TABLE 11-5 (Continued)

fENSILE PRUPFRTIFES OF  HLM GRAPHITE

LR A A A b 7 L X 0.2 L LY e 2 3 LA K L2 L L2 X 2 2 L X 3 ]

LUT Nty o7 SPEC, DIA, 12,8 MM
HUG NUy gu84=78 SPEC, LENGTH 71, MM
L6 DENSTITY ew MG /Mun

LA A L LA X LA A A A i a8 L2 2 R L 2 2 R s Xy LAY X X T & 2 X3 2 2 ¥ ¥ )
SPECTMEN NRTENTe [UCA=» DENSITY YOQUNGS PERMe FRACe TEMSILE
NUMBER ATION  TION (MG %2 3)MODYLYS ANEMT  TURE  STRENGTH
(GPA) SET  8STRAIN (MPa)
(PeTY (PeT)

L R R X A R 2 5 X ¥ % 2 B A A LR 23 X LYy 2.2 Y X 2 3 A i 4 f XX 3 Frf ik i Ffffryy ) R gy yryyy:!

bAEM  soH AX Ml E 1,793 Te? U186 233 13,58
buh AX MLE 1,786 B,A L018 e £5H 16,2
bAtm  TeB AX My E 1,794 Te® o1k o184 16,8
Bud Ay MLE 1,802 Teb s NE0 0 188 10,7
60A AX MLE . 1493
bUR AX ML E 14,9
TAA AKX SLE 12,7
728 aX MLE 14,4
7oA AX MLE 8,2
848 AX “LE 12,5
6REM 1428 AX MLE 1,794 740 L0210 263 13,7
tusd Ay M F 1,792 Tet L 020 Y 13,4
1588 AX ML e 1,794 Tob s 080 s 847 14,1
{6Ud AY My E 1,794 T8 sNEN -Yr §4,0
1424 AY MLE {d,8
tusB X MLE 1441
1544 4X MLE 14,7
1548 AX MLE 12,8
{S5RA AX MLE ) 13.3
1oUR AX MLE 12,2
nw.numqnnnqmmnnwnmmwnnqwunnnmwnn'.?QpnnnqnnONWQQQquw.nmmwnnnwﬁwﬂu
ME AN 1,794 Te7 <018 €32 1%, 3
(1,12 MPSI) - _ 1922,PS1)
$Tv, DEV, 004 0D 02 03y 1.8
( .07 MpgI) ( 257,PS8T)

DR EREDPREP IRV OI N RNP R I RPN TR PR PR TR RN TR RO E
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TABLE 11-5 (Continued)

TTENSILE PRUPERTIFS 1F HLM  GRAPHITE

PERETBRC RN RAGo PP BT R AP PP RN TR BB e

LUT NU 367 SPEC, DIA, wawxaw MM
LUG NI, aUBumTR 8PEC, LENGTH 71, MM
LOG DENSITY == MG/Meawn]

LA A L L A A 2 2 L 2 3 A A L X3 2 2 B2 XY R A R A X X X P ¥ Oy 3 2 LER X ¥ ¥R 'y Yy Fwyy y e
SPECTMEN NRIEwT= L1CA= DENETTY YiinGS BOERMe FRA(w TERBILE
NMBER ATTun  TION (ME/PeeIMODYLYS ANENT  TywE STHENGTH
(GPa) SeT  8TRapln (MPa)
(PCTY (PCT)

n-u.---n-‘.upn.o.w.n.ong--u-qunﬂ-Qn.-..-n"ﬂ’nﬂ.u.ﬂ_'"ﬂuu.nnw

6AEY 81 RaAD MLE 1,798 Boll 13 879 1Peb
88 RADL ml £ 1,804 bo8 o7 289 12,6
99 RALD  MLE 1ehirg hob 0283 W230 1104
103 RAD MLE 1,798 L) 0128 216 10,7
79 RAD MLF 18,0
83 RaD  MLE 1.6
B RAD M E 1245
97 RAD MLE 12,3
101 RAD MLE 1267
108  RAU MLE 13,7
6BEM {89 RAD M, E 1,798 byt W 29 2 870 11,9
193 RAD MLE 1792 8.7 e i2h 2292 120
209 RAD ML E 1« 788 S5¢8 0 0130 W ERY 11,9
211 Rayp MLE 1,787 5.9 , 129 « 300 2.5
187 WAL MLE 13.0
191 Rap MLE 12,3
198 RAL  ™MLE ’ 1847
20s  RAD MLE 14,9
209  RAD ML E 13,9
oREM 213 RAD MLE 11,8
”Q.--Mﬂ"'”ﬂ”nﬂﬂﬂﬂﬂﬂu.ﬂﬁﬂﬂ’ﬂﬂﬂﬂnwﬂﬂ’ﬂﬂ‘”’ﬂ.ﬂﬂ'qn.w,ﬂq."I'ﬂ’ﬂﬂ.'ﬂ
ME AN 1,79 b, Y- s ETU 18,4
~ { .89 MPgIy ( 1ROL,PgT)
8To, DEv, P0G P p U 0 031 o
C .08 MPSI) ( 116,P81)

‘..Q-Q-'ﬂ’.”'ﬂﬂ"ﬂ‘.‘..ﬂ.ﬂ..ﬂ.-'..W'."..ﬂ.ﬂ.”.-ﬂ-'”-ﬂﬂ-.--.-'...
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TABLE 11-6
FLEXURAL PROPERTIES OF HLM  GRAPHITE

ek

LOT NO. 367 SPEC. UIA 6ot MM

LOG NO. 6484-78 SPEC. LENGTH 51, MM
LOG DENSITY -~ MG /M3
SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBE R ATION TION (MG/M*%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)

1A S6A AX EE 27.2 2244
568 AX EE 24,8 20.9
58A AX EE 26.3 21.8
538 AX EE 27.9 2248
624 AX EE 24,5 20.7
628 AX EE . 24.6 . 208
68A AX EE 19.1 1649
688 AX EE 21.7 18.6

70A AX EE 23.0 20.1 ;
708 AX EE 2441 2C.4
16 128A AX EE 22.7 19.5
1288 AX EE 27.9 22.8
130A AX EE 26.0 21.06
1308 AX EE 24.8 2C.9
1344 AX EE 24.8 2G.9
1348 AX EE 21.9 1849
140A AX EE 27.8 22.8
140B AX EE 23.9 20.3
1428 AX EE 25.5 2143
18 1428 AX EE 25.4 21.3

MEAN 26,7 MPA 20.8 MPA

{3584, PSI} {3015 PSI)

STDhe DEV, 2e¢3 MPA 1.5 MPA
t 327. PSI} § 217. PSI}

o G e e G Gm e G O G S > I e W I D G WD S G WO UM W B G G 400 W U o 40 oy G D ERN B G S @6 M % G G o @b @D OD G Oh G- GM D W N> WD @B W W OGN S5 we e
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TABLE 11-6 (Continued)

FLEXURAL PROPERTIES COF HLM GRAPHITE

- o s @ atn an o T e T MOs G OF @ GD Ge Gn G OB T G o R D G g e S SR S G D @ W e e

LOT nNO. 367 SPEC. DIA. S5e84 MM
LOG NO. 6“8“"78 SPECo LENGTH 510 MM
LOG DENSITY -~ MG AMEk%x3
SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%31} RUPTURE (MPA)} STRENGTH (MPA}
(UNCORRECTED) (LORRECTED)}

1A 36A AX EM 2L 17 17.9
36B AX E# 211 18,1

38A AX EM 217 18,5

38B AX EM 217 18.5

§2A AX EM 20.9 16.0

428 AX EM 1§.6 14,1

488 AX EM 153 13.8

48R AX EM 17.7 15.7

SCA AKX EmM 19.2 168

1A 508 AX EM 17.3 15.4
18 108A AX E 269 18.4
1088 AX Em 19.C 16.7
110A AX EmM 1%ea 16.7
1108 AX EmM 22e1 18.48
114A AX EM lee3 14,06
1148 AX EM 1.0 14,4
120A AX EM 17.6 15.6
12GB AX EM 8.0 17.4
1228 AX EM 23.3 19.6
1228 AX EM 2281 18.6

MEAN 194 MPA 16.9 MPA

(2811. PSI)} (2447, PSIV

STD. DEV. el MPA 1.8 MPA
{ 353. PSI) t 258. PSI

 omn WD > e Gn G G G G T SR W D WD e G G SO D WD D W G O e G0 D e G0 e G R R G0 S O% @e me OB OB @ e MR D W D G G0 M W @GR OG0 em OB Wh e G OB OR GO B e
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TABLE 11-6 (Continued)

FLEXURAL PROPERTIES OF HLM  GRAPHITE

e o e WD G e > G GD Gl G B N GO e RGP @R OB TR WO WD DGR WP WD N @D wR WD WD @ ah G o

LOT NO. 367 SPEC. DIA. 6ol MM
LOG NO. 6484~78 SPEC. LENGTH  S1. MM
LOG DENSITY =-- MG /M3
SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA)} STRENGTH (MPA}
(UNCORRECTED) (CORRECTED)
1A 12A AX EC 21.8 16.0
12B AX EC 19.5 17.0
108 AX EC 19.7 17.1
10B AX EC 200 1744
16A AX EC l6.1 14.4 v
16B AX EC 164 14.7
24A AX £C 204 17.6
248 AX EC 18.2 16.0
264 AX EC 15.9 14.3
268 AX EC 20.9 18.3
328 AX EC 19.5 17.3
328 AX EC 19.6 17.1
1B B88A AX EC 195 17.0
888 AX EC 21.8 18.6
86A AX EC 1402 12.9
868 AX EC 15.6 1440
8OA AX EC 19.2 1667
80B AX EC 20.1 . 174
96A AX EC 21.7 18.5
968 AX EC 20.3 17.6
1028 AX EC 19.3 16.8
1028 AX £C 11.9 11.0
1044 AX EC 18.1 16.0
18 1048 AX EC 16.3 14.6
ME AN 18.6 MPA 16.3 MPA

(2695. PSI} {2358, PSI)

STD. DEV. 2.5 MPA 1.9 HMPA
{ 308. PSI} { 279. PSI)

- es o o n e P D T O G W O GD QR e D e G GO G G e GO GD o e G T G M N D A G S e O G A @R G0 D Om Cn O WD Wm @N WO WA GD WE G G ob P G o ED G D on e
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TABLE 11-6 (Continued)

FLEXURAL PROPERPTIFS NF  wWLM GRAPHTTE

R BDRBRDICRBT PR RO AR R F B P CER DR E By wm

LT N0, 367 SPEC, D1a, T L
LOG NO, 648u=TR .. SPFC, LENGTH 81, MM
LDG DENSITY - ME S Mw g
-.-ﬁ.-m--ﬂﬂ-'....’O’-.-*Oﬂ-ﬂﬂﬂﬂﬁnﬁ..--'.ﬂ..'.‘.u.-.ﬂﬂ.'”ﬂ-hw-q
SPFCTMEY  DRTFNTe LUCA= DFMSTTY MODUL LR F FLEXURAL
‘HIMRE R ATINN TINN (MG/MaaB) RUPTHRE (MPAY STREMGTH (MPRA)

(UNCORRFCTEDY  (CORRECTED)

.----.q--G-w.ppﬁﬂ-ﬂﬂﬂntn-.--u-.---ﬁnm-‘-ﬂn._.ﬂqﬁ“npuﬂuh-.-anﬂnm

A 2004 AY MLE 2i.4 20,1
P00R AY My f 27,9 23,1
PO2A Ax MLE 27,8 28 .8
2028 AX MLE 25,0 1.2
206A AX MLE 5.3 21,4
PO0BR AX MLE 25,1 A1,
2124 ax MLE 4,5 20,9
212R AX Ml E LT 20,6
214a avy MLE 25,9 21,8
2148 AX MLE 21,8 19,0

6bH  P2T70A aX MLE 22, A 19,7
2TOR AX MLE 23,1 19.9
272A AX MLE eB,.3 23,3
2728 AX MLF 2d,2 20,7
ATHA AX MLE 21,6 18,9
276K AY ™l E 24,2 20,7
eROA AY MLE - 24,9 21.7?
2ROB AX MLE P74 P27
PT8BA AX MLE 22,7 19,6
ATHR AX MLE f0L4d 18,0

-wmnum-n-nﬁ.’wnnﬂwﬁ-nnuuunw..wnn'wnwwuﬂnuun'w.wﬂnnn—uunumwnq-Q
ME AN 24,5 MPj 20 R Mpa

(35%4, PSIY (3027, PST)
8TD, VEV, . 2,2 MPa 1,4 Mpa
€ 313, PSTY  ( 210, PSI)

m-w-nﬂ-un—’nnqunnﬂﬁﬂ--nnun'mnqpnqﬁﬂnﬂnﬂunnnn-nqvqnnu-—n-n-unnnwup
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TABLE 11-6 (Continued)

FLEXURAL PRMPFRTIFS OF

BB MDD TR VDR T ERNEROROBTFRBRPCRDBDTER P e

LnT
LOG
LNG

|QRFCTMEN NRTENT= LOCA= DEMSTTY

NIIMRE R AT

6 A {804
1ROR
1AZA
1R2R
1964
196R
{80A
186R
19724
1928
1944
1948

68 2504
2508
2524
25PR
FLY Y
P568
262A
2628
264A
204R

Mit, 367 SPFC, DIA, Bl MM
N, bUBU=THA SPEC, LEMGTH §1, MM
NEMSTTY o= MG MEn R

.---nuqnnn!ﬂQ.Q-QQ-.-n-.naa-v.—n.nﬂﬂnﬂnn-nnn-qn-umuvnnu-nqaqu-u
MODULUS UF FLEYURAL

1ar TINN (MG/Mex%)  RPUPTURE (MPAY STREMGTH (MPA)

. (UNCURRECTED)  (FNRRECTEDN)

AY My M 19,72 1£,9
AY Ml M 3,6 20,0
ax ML M 17,6 18,7
AX Ml M 19,7 17,3
AX ML M 21,2 18,4
AXY My M 21,0 iR, 2
AX Mi 20, 17,6
AX My M 18,6 16,4
AY ML M 21,4 18,58
A% Ml ™ .7 18,0
AX ML M 16,6 14,9
AY My 1R, 3 16,7
AX ML M 17,5 15,6
AX MM fo,0 16,7
AX M M 20,7 18,0
ax ML M 21,2 1R, 3
aY M. ™ 20,1 17.0
AX ML M 24,6 20,6
AX Mi M 24,7 20,7
AX MM 24,3 20,4
AX M ™ 2%,2 2i,n
AY¥ M M 21,2 18,3

'.n.‘.ﬂw'n'ﬂﬂﬂ.”n'ﬂﬂ.'ﬁﬂﬂﬂ#qﬂ."”m...ﬂwﬂﬂﬂﬂﬂ..’.ﬂﬁhﬂﬂﬂﬂﬂ.nﬁnwﬂO

h MEAN ’ - 20,8 MPA 1R, 0 MPA

(3G12, P81 (260B, PST)

sTn, DEV, 2,5 MPa 1,7 MPa

¢ 388, PSTH ( 252, PSI)

Praraegegnapagegry g gegeepey U Y ¥ PR N P YT T L A T A R L L Ll L L L A LA A A AL A
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TABLE 11-6 (Continued)

FLEXURAL PRAPERTIFS OF HLM GRAPHTTE

LT T L R DALY RLEFEFrET T Y A R AL LA LR 2 8 2 L 0 ¥

LOT wp, 367 SPEC, DTA, Bl MM
LOG ND, hUR4=TAR SPFC, LENGTH 51, MM
LOG DENSTITY =e ME/MRE D
SPELTMEN  TIRIENT= LUCA= DENSTTY MOAPLLLS OF FLEXURAL
MEIMRE R ATINN  TINN (MG/Maw3)  RUPTURE (MPAY STRENGTH (MP4)
(UNCORRECTEDY  (CNRRECTED)
bA 1544 AX MLC 1R, N 15,8
{1548 AYX MLC 17,8 18,6
18564 aX My 11,59 11,0
156R AX MEC 14,8 13,0
1604 Ax MLC 2na1 17.3
{A0R ax MLC 1R, & 1h 1
1744 AX MG 12,4 11,4
174K AX MLC 18,9 16,4
1764 aX C 15,7 td4,.n
176R AY MLC R0 Teh
168A AX LG 17,1 18,1
1688 AYX MLC 17,0 18,0
hB  224A AY MLC 18,6 14,0
224K aX MLC 15,7 14,0
2r6A AX MLE 1%,.2 12,0
276R AXx ML.C 12,9 11,8
232A AX MLC 19,4 16,7
P328 AXY MLC 16,8 14,9
FRbA aY MILC 8,9 8,4
2368 AX ML C 19,0 16,5
2384 AX e 17406 15,4
2%8R aAX MLC 17.6 15,5
PUBA AX MLC 15,0 13,5
2U4R AX MG 11,5 10,4
ME AN 15,6 MRy 13,8 Mpa

(2256, PST) (2004, PSTY

§Tn, DEV, 1,3 MPa 2.6 MPA
( 478, PST) { 378, PST)

LET T LYY Pl Y Ll Ayl rew el X L 2 2 X L T LA X LA 2 L L L X X X X ¥ 7
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TABLE 11-6 {Continued)

FLFXURAL PROPERTIFS] NF  HLM GRAPHITF

R RRE B RP RO RRRRPP A WNEPR T ERRET P RN RR P aR S

LOT nn, 367 SpFL, D1A, B, Mh
LOG NN, 6dRu=TAR SPEC, LENGTH 51, MM
LNG NENSITY  we M/ MEk R T
CE 2 3 % 3 - F R ¥ ¥ 4 L -y R YR L g JF R F F R -F FUE ¥ FEE o g N g R g R R R Rk RN R R R R R Rk g g Rk
SPECTMEM (MRTFNTe LUCA= DENMSTTY MODUL U NF Fi FXURAYL
HUMRE R ATTINAN  TINON (MG/Mex3)  RUPTURE (MPAY STRENGTH (MPAY

(UNCORRECTEDY (CORRECTEN)

LE X X X X 3 ¥ T ¥ L Y L FF 3 X 2 R R R X 3 X _J B F % ¥ ¥ ¥R F L XL R A E L L R R S K E X T F ¥ X Z 3 X F_ N 35 ¥ ¥ F LTI

1A 114 ©AD EE 2.2 18,1
118 RAD EF 19,3 16,73
117 RAD EE 1,5 15,8
121 RAD EF £2,0 1R, 0
123 RAD 43 2lg0 17,1
137 ®AD EF 20,7 17,°
1419 €40 EF | 18,0
14% rAn.  EF 19,0 16,1
147 RAD EE 18,8 10,0
149 RAD EF 20,9 17,72

1R 267 RAD  EF 17,9 15,3
271 rAD EF 23,6 18,9
273 QAD EE 22,1 1R 0
277 Rap EE 18,7 13,8
279 RAD EF 19,8 16,6
93 RAD EF 20,7 17.2
297 RAD EF 17,0 14,8
299 RAD EF 16,3 14,2
303 RAD  EF 18,9 16,1
305 RAD EE 20,3 16,9

ME AN 19,8 mMPj 1,6 MPA

(2875, PST) (eun7, PSI1)

8Th, DEV, 2,1 MPA {,4 MPA
( 306, PSTY  ( 198, PST)

BTDEENERRP TRV R PRD O NERN VRGN TR TE R PORN P e P RPN DR TOD R
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e - TABLE 11-6 (Continued)

FLEXURAL PRNPEPTIES OF HLM GRAPHTTF

DO PR P ERRRRNOEVRNR P R RN RPN R P

LNt mn, 367 SPFC. DIA, Dol MM
LOG N, 64By=TR SPEC, LENGTH RY, rMM
LG NENSITY ww ME/MA e
SPECTMEN  DRIFNTe LUOCA= NENSTTY MODULUS 0OF FLEXURAL
NITMBE R ATTAN  TION (MG/Max3)  RUPTURF (MPAY STRENGTH (MPA)

(UNCORRECTEDY (CORRECTEM)

MMM PR DR R PP RN PR RN T RPO DAV PN DD D P D RN N TR R

tA 59 RAD EmM i 19,5 16,6
6% RAD Em 23,7 19,3

68 RAD Em 25,9 20,8

69 mAD EM &5, 4 20,2

J1 RAD EM . R 23,6 19,2

RS RAD Em 1,8 1R, 2

89 RrAD E M 23%,8 19,3

91 RAD EM 18,6 16,0

95 RAD EM 20,2 1741

14 97 RrAD EmM 22,5 1R n
1R 215 RAD Ewm o 19,8 16,9
219 paD Em 19,3 16,5

2721 RAD Ew 17,3 15,1

225 ®RaAD £ 21,1 17,7

227 RAD Em 19,4 16,6

Ut RAD Em 1R, 0 18,6

245 RAD EM ... 21.8 1R, 2

247 wAD EM 23,1 1A,.9

251 RAD EM i 18,9 16,3

253 RAD EM 19,4 16,6

LE L T L L.F 3 2 2 2 3 F% L L R 2 4 . X 2 X 2 ¥ 2 £ X % T X ¥ L 0 R A 3 A B A B 2 2 2 L. K B 2 N A R B L X L X X X ¥ 3 R J
ME AN 21,2 mMPa 17,7 MPA

(3070, P8 (2562, P3T1)

870, DEV, ) 2,5 MPa f,h MPA
( 362, RS ( 226, P31

LEX T EENT LAY LYY L A A L P P Ly YL it L DAL AT Al A LAt 2 R XL R 2 X 2
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TABLE 11-6 (Continued)

FLFYXIRAL PRNOPERTIES NF HEM GRAPHITE

LA LA 2 A L 2 LR TP YL LAl AL Lt At X 22 23

LT N, 367 SPEC, DIa, 6,04 MM

LOG NN, 64R4=TR SPEC, LENGTH S, MM

LNG NFNSITY we MG/ VxRS
T PR XYY AL ESY RLEI LAY AT YT T 2R Ad Al A Al Al A A Pl Al Al X2 2 2]
SRFCIMEFN ORIFNTe LOCA= DEFMSTTY MODHLHS OF FLEXURAL
NHMAER ATTON TINN (MG/mae3)  RUPTURE (MPAY STRENGTH (MPA)

(LUNCNRRECTEDY  (CNRRECTED)

PEE R B PE RPN Py PPN PO RPN DTS TNV aRN TN PR NS RERBR

{A 7 »AD EC 19,0 16,5
9 waAD EC 2‘4.6 20.1
13 RAD EC 24,7 20,2
18 wabd Er 18,0 15,8
19 wan__ EC 23,6 19,5
3% QAN EC 20,4 17,4
18 2AD EC 22,8 19,0
39 RAD EC 28,0 18,5 }
41 RAD EC 23.3 19,4
45 mpAD EC 22,1 1R.6
1B 163 RAD  EC 18,2 15,9
165 @AD EC 15,4 13,8
169 RAD EC 0.7 17,7
171 RAD Ec 22,2 18,4
178 RAD EC 19,2 16,6
189 rAD EC 22,06 18,9
191 qap  EC 22,06 1R,9
198 PAD EC 2240 18,9
197 RAD EC 21,7 18,3
201 RAD Ee 17,3 18,2
o A0 R Gp O WD gp T U5 YR P QD U op op 0 00 TR 50 0 g op W 0% O NP un 0 Qy ok 5 B0 9 YR ER 9D EP ok R AN 00 00 2 oR or TP ap w0 0 W R GR OD OB B O 00 Y0 TR AP S W
ME AN 21,2 MPA 17,9 MPA

(3008, PST) (2594, PRI)

§10, VEV, 2.5 MPA 1,7 MPA
{ 370, PST) { 251, P8I

2T PE PP Py R A LR YR Y PR TTTTYTYS IR LE ALY SRS RRE AR Y L X R R ]
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TABLE 11-6 (Continued)

FLEXURAL PROPEPTIFS 0OF HLM GRAPHT TF

L X F ¥ X % 3 3 2 X F ¥ ¥ R 3 3 S KOS ROA-E R RO R R R R R 3 Rk R R R 3R ¥

LOT nn, 367 SPEC, DIA, Dol MM

LOG M, 64Bye=T7R SPEC, LENGTH 51, MM

L(")G DENSITY - MQ‘."./M*-&S
SPECTMEN  ORIFPMTe LUCA= DENSTTY MODHILUS NF FLEXUHRAL
NIIMRER ATINN  TION (MG/MeeR)  RUPTURFE (MPAY STRENGTH (MPA)

(UNCORRECTEDY (CORRECTEM

LEE L 2 2. F % L X Ly X . F ¥ 3-8 2 A A 2 3 3 B X F o yeryy el 2 3 X 8 0 L R X P X L Foy Py R Xy rrey -y

14 89 RAD EM i 19,8 16,6
63 RAD Em 23,7 19,%

8% RAD Em 25,9 20,58

69 RAN EM 25,4 20,2

J1 _RAD EM - - 23,6 19,2

BS RaAD £M 21,R 1R, P

B9 RAD EM 23,8 19,3

91 RAD EM 18,06 16,0

95 paAD Ew P02 1741

14 97 RAD Em 28,5 RN
1R 215 _Rab Em o 19,8 16,9
219 pap Ew 19,3 16,5

221 PAD E 17,73 15,1

228 RAD e Pt 1 17,7

227 RAD EmM 19,4 je,h

241 RAD En 1R, 0 18,6

245 RAD EM - 21,8 1R, 2

247 wAD EM 23,1 1R, 9

A%1 RAD EwM ) 18,9 16,73

253 RAD EM 19,4 16,6

MEAN 21,2 MPa 17,7 MPA

{3070, P8 (2562, PST)

a7h, DEV, ] 2,5 MPa f,h MPA
{ 362, PSTH ( 226, PS8T)

LR R E R R - F R 4 f ¥ F B F R R g R N R R F o F g g ghpraees Ru R ¥ Lo oF R g g R R R R PR Ry R Yy RN N TR Y
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TABLE 11-6 (Continued)

FLFXIIRAL PROAPERTIFS (OF

LnT

NDY,

367

LOG NP, 64B4=T7R

LNG

NFNS

ITY

HLM  GRAPHITE

I T YR XYY T T A Fu- e Rl Al LA A A A B Rt Bk

SPEC, DI1aA,

SPEC, LENGTH

MG /M ERD

b4 MM
Gy, MM

AR TGP OEEgE AT N RN PRI RPN DU DR RN DR PR R D W R e

qu‘CIMFN IRTENT= L{1C A= DNEMETTY

NEIMRE R AT

1A 7
9

13

i5

19

33

38

39

44

45

18 163
165

169

171

175

{R9

191

198

197

20t

10N TINN (MG/mae)  RUPTURE (MPAY STRENGTH (MPA)
(UNCNRRECTEDY  (CNRRECTED)

oAD  EC 19,0 16,5
BAD EC 24,6 20,1
RAD EC 24,7 20,2
RAD Ee 18,0 15,8
Ran__EC 23,06 19,5
A EC 20,4 17,4
BAD EC 22,8 19,0
RAN EC 28,0 18,5
RAD EC 23,3 19,4
RAD EC 22,1 18,6
rRAD  EC 18,2 15,9
RAD EC 15,4 13,8
RAD Ec 20,7 17,7
RAD EC 2242 18,6
RAD EC 19,2 16,6
RAD Er 22,0 18,9
QAn  EC 224,06 18,9
BAD EC 220 16,9
RAD EC 21,7 18,3
RAD EC 17,3 15,2

ME AN 21,2 MPA 17,9 MPA

. (3008, PST) (2594, PSI)

S1h, VEV, 2.5 MPA 1,7 MPA

¢t 370, PST) ( 251, PSN

P Lt T I A T e L L L L R AL AL L L L ALl LA Rl LAl
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TABLE 11-6 (Continued)

FLEXURAL PRNPFRTTFS OF HLM  GRAPHTTE

LA & - LA LA d XL X3 P Y ey LA 2 L L X 3 4 K 2§ F Fogey

LOT NO, 367 SPEC. DI, b4 MW
LNG N, 64B4=7R SPEC. LENGTH 1, MM
LOG DENSITY == MG/ MERT
LA L A AR L L AR ESEEL A ALLALNLE LAEEELEEEY YL LT LR R B R 3 3 F R F PNy g g g e
SPECIMEN ORIENT= LUCAe NENSTTY MIIDULUS OF FLEXURAL
NIIMRE B ATINN  TION (MG/Me#3) RUPTURE (MPA) STRENGTH (MPA)

(UNCNRRECTEDY  (CORRECTED)

b A A Al S A LA A L L A LALLM AL LYY YL LA LEE L B E L X T Pl F Uy gy

A A 423 RAD M| 23,7 1o,2
427 RaD ML E 20,3 17,1
429 RAD MLE 24,0 19,4
433 pap ME 18,8 16,0
435 RAD MLE 24,5 19,7
449 AD "LE 20,8 17,8
453 wan MLE 23,2 18,9
455 RAD MLE 23,0 1R, R
459 RAD MLE 2l.7 18,0
4bht RAD MLE 21,5 17,9
AR 5§83 nAn  MLE 21,5 17,9
587 waAD MLE 18,8 i0,2
89 pmAD MLE 25,9 20,3
563 RAD MLE 19,1 16,4
568 RAD  MLE 27,6 18,6
579 RAD MLE 21,0 176
583 RrAD MLE 19.4 16,5
K88 RAD g 20,9 17,5
G889 RAD MLE 18,7 16,1
591 RAD MLE 22,0 18,2
m--nm-Qﬂﬁﬂﬂ.ﬂ'ﬂ'ﬂ..ﬂ.ﬁ”mﬂﬂ'-.wuﬂn.nwﬂ’ﬁ'ﬂnﬂn.ﬂn.ﬂ”ﬂﬂﬂ.'bmﬂﬂnm.
MEAN 21,6 MPA 17,9 MPA

(3126, PST) (28593, PST)

sTD, DEV, 2.1 MPA 1,% MPA
( 301, PSTY  ( 1R5, PSI)

PO RERRT RPNV R R RN RC RS RPE PR TR PR R NP NG MR e P w0 GRS WP ® %
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TABLE 11-6 (Continued)

FLEXURAL PROPERTIES DF

-'u.oﬂo.nnpunm.-unun.—_.nﬂuﬁnnnmmn-’nu

LoT
L NG
LOG

NPT,
ND
DENS

HLM GRADMHTTE

SPEC, DTA,

SPFC, LFNGTH

367
64RU=TA
ITY == ME/MEk S

h.“ M M
51, MM

w‘-.nbupn.-ll!l.n‘ﬂ."--hwvwmn'u-.QCO-QQQQOONO-ﬂ—-.nwnwuw.nnnuwv

SPECTMEN  ORTFNT= LUCA= DEMSTITY

MLIMRER AT

#A 371
378
377
389
3e3
3Q7
401
4073
qa7
409
6R €01
508
S507
511
513
527
39
533
537
539

MODULUS NF FLEXURAL
TN TION (MG/MeeR) RUPTURE (MPAY STRENGTH (
(UNCORRECTEDY (CNRWFCTE
RAD Mi M 17.2 18,0
PAD MM 20,58 17,4
RAD MM 239’ 190“
Qap M|, M 22,1 18,4
RAD MM 24,0 19,5
RAD M m 15,3 13,7
QAR MM 16,5 14,5
RAD Mi 18,6 16,0
RAD ML M 21,3 17,9
RAD ML M 19,3 16,5
RAD MM 23,3 19,1
RAD ML M 21,7 1R
RAD M M 19,6 16,8
QAD MM 23,1 19,0
WAD MM 20,3 17,2
RAD ML 17,6 15,3
RAD Mi M 20,9 17,k
PAD MM 22,0 1R, 3
RAD Mi M 23,2 19,1
RAD MiM 22.5 18,6
ﬁﬂ-.ﬂn-n.-.ﬂ'ﬂuﬁﬂﬂ”ﬂWﬂﬂ“.ﬂu'.ﬂﬂﬂm"l".‘Fﬁmﬁﬂﬁﬂ'W..ﬂﬂ”ﬂﬂmﬂ.ﬂ"ﬂ
ME AN 20,6 mMPA 17,1
(2989, PST) (2517,
§Tn, DV, 2.5 MPa 1,7
f 368, PSTH { 245,

onu-—nnuuunnbumu-n-!l!nnonu-nwnmmnwownwnnnwnnuuwgnnuum-ow-nnqwnwn-u
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TABLE 11-6 (Continued)

FLEXURAL PROPERTIFS OF HLM  GRAPHITF

LR X ¥ ¥ 3 R B & 3 R K 3 R 3 ¥ ¥ F ¥ ¥y F L 2 5 K L K X 2 2 2 R ¥ X JF ¥ ¥ 1

LOT no, 367 8PEC, DIA, 6,0 MM
LOG N, 64B4eTR SPEC, LENGTH %1, MM
LOG DFANSITY we M/ MEx T
SPFCTMEN NRIENTe LOCAw DEMSTTY MODULIS nF FLFXURAL
NUIMBER ATION  TINN (MG/MeweT) RUPTURE (MPAY STRENGTH (MPA)
—- - J(UNCORRECTEDPY  (CORRECTEN)

hA 319 RAD MLC 24,9 P03
%21 RAD MLC 16,7 14, R

125 RAD MLC 19,2 Yhe?

327 RAD MLC 18,4 13, R

. 331 RAD MLC ; 25,6 20,8
34% RAD MLC 21,1 1R, 0

347 RAD  MLC 22,1 18,6

351 RAD MLC Pé7 19,0

3S3 RaAD LC 18,1 15,9

1857 RAD MLC 19,9 17,2

68 471 RAD ML . et,3 18,1
473 RAD MLC 2e.7 19,0

4758 RAD MLC 21,3 18,1

477 RAD MLC 23,6 19,6

6R 481 RAD MLC 18,3 16,0
483 RAD MLC 23,7 19,6

4A5 RAD MLC 21,0 17,9

487 RAD MLC fo,2 14,4

489 RAD MLC 22.3 18,7

493 RAD  MLC 15,4 13,8

MEAN 20,6 MPA 17,5 MPA

(2984, PSI) (2539, PST)
sTH, DEV, 3,1 MPy 2.1 MPA
( 4éb, PSTY ¢ 30R, PST)

ERMBEB O REeR O o R RN PR R R RO TP PP TRV TP TR NN R R EEOE
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TABLE 11-7

COMPRESSIVE PRUPERTIES OF MM GRAPHITE

VPRV R B CPR I RPCa PR NoRNReT eV an®

LOT NU, 367 SPEC, DA, 12,8 MM
LOG NO, 6484,78 gPEC, LENGTH 28, MM
LOG DENSITY we MG/ Muky

L XX X 3 - X2y Ery Xy Ly rry sy g3 EyrgLyyy -y 0y rpyyyyy -y yry oy
SPECIMEN ORTENT= L(Qga= DENSITY YOUNGS PgRMa fFRpce cUMPR,
NUMBg R ATION  TION (MGg/Mwa3)MOpULUS ANENT  TURE STRENGTH
(GPA) SET STRAIN (MPA)
(PCT) (PCT)

L T LR P LYY iy Iy Ly i 22yt ryryyyeyeyiyyyi sy yyyyyyyyyy:;]

1AC & 6C AX EC Se3 200 2,371 3769
F 8L AXx EC Ua? 0889 2,532 38,9
E10C AX EC 4,9 2210 2,559 18,7
E12C AX EC 5e3 1200 2,148 37,4
1BC Bi1o2C aX EC - 5.8 2200 2,201 38,5
E104C AX EC Se 3 2200 24331 38,4
El0eC AX EC 4,98 o830 2,377 38,7
E10BC AX X 5,1 L200 1,988 36,2
L - X R A % X F X ¥R 5 3 2 0 R R F K I L N % R g 5 ¥oRoR% i R oop Ny iy iR ro¥orol f i pyJxyH%nJ¥ 337333 yyyyryyyoyy
ME AN el 208 2,310 I8, 4
( 74 MpSI { 5524,p81)
83The DEV, o s 013 s 199 89
( 0% mMp8I)Y ( 133,P81)
L L T YT r R LR yy Yy ryy gLy ryyeyyroryyyoyy;]
1AC E 9B RAD EC 5,8 o180 2,370 ddq2
E23B RAD EC 6,3 180 2,327 44,9
E2%88 RAD EC L P +200 2,2%2 Hi g
E2q9B RAD EC LYY 190 2,073 425
1BC E1118 RAD EC bafl . L1190 2,048 42q.2
E118E RAD EC Ss2 180 2,283 41,9
E1198 RAD EC . 9.7 «280 2,179 4,
E1348 RAD  EC S, 8 210 2,288 42,8
BRRERO PN RO RN PRI RO POt RPRRReRRevoewsnsPolonhar eV BaapepeRenn
ME AN 5,9 194 2,224 43,0
— {( 86 Mp8I) ( 6241,p51)
87D, DEV, 03 2015 s 116 1s1
( 08 MPS8I) ( 1%4,PS81)

PR RR RPN PR R RPN RN R R PR RR RGP RRE R PR ORR YO REE
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TABLE 11-7 (Continued)

CHMPRESSIVE PROPERTIES UP MLM GRAPH]ITE

BPERT TR RPN PR e reledRteR e ePeoesanEad

LOT NU, 367 SPEC, DIA, 1,8 MM
LUG NU, 6UBdUeTH SPEC, LENGTYH €5, MM
LQG DENSITY L] MG/M**3

-ll--‘"'.pg..ﬂ.‘.'q..ﬂ.u‘ﬂﬁ-'.'.Q.-.-..Q.-.W’.-.'---ﬂﬂﬂﬂ-nﬂwﬂﬂ
SPECIMEN NRIENTe LCAm DEMSITY YOUNGS PERMm FRACe COMPR
NUMBEK ATIUN  TION (MG/Mwa3IMODULUS ANENT  TURE STRENGTH
(GPAY SET  §TRaAIN (Mpay
(PCTY (PCT)

Il sy P Y Y e Y YIS IS YRR R R R LR LYY Y ]

JAY E3nC aX £ Se0 0210 1,891 34,6
E3ul ax Em 5.6 s190 1,735 15,0
Bual Ax g 5.1 180 2,01¢ 36,7
Fuel AX £ 5.9 210 Q241587 3%.6
1RY Ef14C AX g™ 5.1 0200 1,852 19,8
E11RC AX X 87 180 2,102 37,1
E126C AX FM 5¢2 s 800 1,891 30,5
EV130C AX EM 4,8 o200 2,015 32,9
YL LYY YA iy Yyl 2 ey Y R R X LR R 2 KX R R LA A 0 L X 2 3 LA X0 2 X2 2 X 2 L2 0
ME AN 5,0 o196 1,987 15,0
( 73 MpP8I) { 50T78,P81)
8T, LEV, e B 1012 s 1440 15
{ O0R MPSI) ( 212,P81)
POEPPP R ey e PR R RS PO PO ReR e e Rl e lesee PP ereneFerRPonanmew
14Y FE438 RaD gE# 6el s 160 2,234 43406
E4Th QAD Eu 9,9 s 190 2,1%4 $9,7
ESy KAD EM %68 e 200 2,484 He a6
EuiB RAD B 55 e170 1,770 o,
1BY E1%18 RAD Em Seb o280 2,193 a1
E1598 RALD  EM 5,5 210 2,276 41,7
EigqB RAD LM 548 200 14986 9.6
E1698 rab Fw 5% 0210 1,812 37,7
e RpPe YT RTR PRSP BN oo B e reaeRelioegen PRl oo PR H
ME AN 5e7 W0 19% 2,114 41,0
( .83 MPSI) ( 8951,P81)
8§70, vEV, ol 021 242 1,8
{ ,06 MPSI) { 205,P81)

PR R PO R RN e PR R RO e YRR PR eenPPYeE e R BRER R BRERR B E
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TABLE 11-7 (Continued)
COMPRESSIVE PRUPERTIES UF HLM GRAPHITE

PERNPOROR RPN PR e P U RO Rl RCTonnaTeReoenee®

LUT NO, 307 SPEC, DIA, 12,8 MM
LOG Y, a4BUmTR 8PEC, LENGTH 2K, MM
LOG DENSITY ww MG/Mwy

XY P A XS FL Y XL LYY REYS NS L2 AN LR R R At Y'Y 3 3 X8 2 2 0 R 3 L R X L R X X B X 3 ¥ J

SPECIMEN ORIFNTe L Opae NDENSITY YUUNGS PERMa §RACe COMPR,
NLIMBE R ATION  YION (MG/Mea3)MUDULUS ANENT  TURE STRENGTH
(GPA) SET S8TRAINM {MPAY
(PecTY (PeT)
LA L L R LY Y X2 XL A d X Xy Y Ry 2 3 XN 3 R R R R 3 FRYLEAFELY LA L3 X K3 X F 3 3
1AE Ee0( aX EE 6,9 200 1,735 38,3
Eeul Ax Ef 7ol 180 1,846 41,0
E72C AX EF 6,7 o175 1,617 37,7
E76( AX EE b,e® fl00 1,543 39,8
1&& EI““C AX E& bls ,150 1.907 40.“
E14rC Ay EF ol s170 1,878 H2q 3
E156C Ax EE 6,5 0190 1,931 4040
Eis0C 4X EE 6,7 170 1,661 39,2
LA LA A - e - LA At Xy Xt P2 L XA YRy yresys i yrL s LR L0223 32 2 2 0 3 % X
ME AN 6,7 178 1,765 39,8
( <98 MPST) ( BST77,P81)
§T0, DEV, s 3 012 s J MO 15
( .08 MPSI) ( 21%,P81)
14F £738 RAD EE 5¢6 oall 2e 235 4i1.6
£83g RAD £E Y6 & «190 888 41.8
EGT7R PAD EL 501 e &0 1.8C1 37.3
ESTB RAD EE 55 « 162 1.877 39.1
1BE E1878 RAD EE S 4 e 22U 2e650 By.5
E191B RAD EL S5e % e 200 2,471 42,7
Fi9sd RAMN EE 56 e2lC 2466 44,2
E2058 RAD EL 46 6 el 2456 41.¢6
MEAN « 3 « 197 2e%18 41.6
{ «77 MPSI} { 6073.PSI)
STDe DEVS ¢« 3 17 s 209

- . or G e e e e A SR G i m o i G R G G oe W W R TR R W R e G OB R U8 G o N N DD Wk G a0 OF GO OD Oh G o S Gh OB G S gu s OB WR G @R W W Om WD e e e
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TABLE 11-7 (Continued)

COMPRESSIVE PROPERTIES UF MM GRAPMITE

L L LYY Xy s 2 3y 3 8 0 R X R X 3. X Xy L X 3 2 X K X 3 %]

LUT Hu, 367 SPEC, UIA, 12,8 MM
LUG NU, 64B4=TB gPEC, LENGTH 2§, MM
LOG DENSITY e MG/Mand

[ XY EY PRy Yy Ay ey rr Yy Yy Yy LN X ry ey Yy yyyyyyrtyyy
SPECIMEN NRIENT= | 0CAe DENSITY YOUNGS RERMa  FRAC=  COMPR,
NUMBER ATIUN  TION (MG/mMer IMODYLYS ANENT  TykE STRENGTH
(GPA) ST 8ThaN (MPa)
(PCTY (PCT)

Y LR T XX Y X B X L X Xy Y ERYRREEYRYE R0 KR 2 R RJ X -FR X2 0 L8 L2 X X R X % 3 % X X ¥ ¥ N F ]

6AC MiAC AX MLC 1,009 55,5
M ORL AX MLC 1787 33,3
MpaC AX MLC Sed 20180 1,996 §7.5
M{EC AX MLe 6,3 LOBO 1,906 38,3
6BC  M92( &X mLC de? 2200 2,290 37,3
MOuC Ay MLC 4,7 2200 1,807 34,9
MOn( AX MLC Se7 2040 14277 5364
MGARLC AaX MLE Set «IB9 1,330 32,4
(2 X X X 2 X R 2 % X R N 3 2 & X R R R R XL X 2 PR R E R R X 3 RN KXXyyrygalXRXHypF¥LyRyiyryyJy 3 ERL¥XN)
MEAN 5.3 o148  1,7%0 3%,3%
t 77 MPSI) { 3123,P81)
81D, ULEV, .6 L070 338 2,2
( .09 MPgI) ( 318,P81)
X P EX Ly LYy Yy 2 Yy rrry oy yayyyyyryyranryyryyyyyryyxyyyyyy
0AC M SH RaD MLC I o180 1,917 4148
M 98 RAL ML C 5,9 L1800 1,698 41,0
M{IB RAD  MLC 644 W150 1,929 4148
M2k RAD MLC 60 2170 1,822 39.9
68BC M113B RaAU MLC Se7 o210 2,230 41,5
M117B RAD  MLC 6,1 170 1,794 59,9
M12is RaD MLC 585 180 2.l4e 41,0
M{318 RAD M C Gat 20190 1,735 36,9
PEOPRRGPPREs PRSP PRP PP RPN RN PSPPSR PR R PR e PRPaa®
ME AN 5,9 J179  1,9%4 40,5
( «Bo MPSI) ( S870,P81)
8$TH, DEV, ol 017 178 1,6
( +0% MPSI) { 235,P81)

PHRDBPFRP O PRPa PRI OO IR P PERP o e RN e R PP P oo Rl R edsterasan
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TABLE 11-7 (Continued)

COMPRESSIVE PROPERTIES OF HLM GRAPHITE

L P R A LR XY 2 2 2y R g g X r 2 f 4 R X R 2 8 X X J

Lut NU. 167 SFEC. DIA, 1213 MM
LUG NO, 64Bde?B SPEC, LENGTH 25, MM
LUG DENSBITY ww Mip/Mudg

L P LR YL XYLy Yy ey YLy ey oLt g R 2o 2 % L F X K3 F 3 3 ]
SPECIMEN MRIENT® LUCaA= DENSITY YOUNRS PERMe  FRaC® CrMPR,
NUMBE R ATION  TION (MG/MwR3IMUDULUS ANENT  TURE STRENGTH
(:Pa) SET  8TRAIN (MPA)
(PetT) (PCT)

LA A A LR L Al L XYY Yy 2 X A o YR g R 2 R X 0 L E- 0 2 323 8 X J

6AY M3OC AX L p 7e3 $160 1,910 4041
MIuC AX M| ™ Set 2180 1,347 32,8
MuaC Ax MM Ggl o160 1,658 36,7
Myel AX MLM Se2 2180 1,946 37,8
oBY Mit2( AX MM 4ot s 2€0 1,480 51,6
Mifal AX MM | ,1B0 1,749 37,2
Mi2uC Ax M ™ S5¢3 2190 1,406 2.2
Mi2RC AX ML m 5,8 L1B0 1,469 34,6
LEL A L LR YL LAy X R ry d Ad b 2 2 L2y F i R A Ry 2 L gt A b X 23 2 -2 32 % F F i
ME AN 5,7 181 1,621 35,4
( 83 MpPST) ( 5130,PSI)
8T0, DEV, o 8 L0168 230 3.1
{ 412 MPSI) ( 446,P81)
BPEPREGRRREHpIRRRTPERNPR TR e PRI sPPERRInePFRCPINPOOr PR RO DB ®
bAY MY43IH RAD ML M 5.6 180 2,346 43,2
MUTB RAD MM 6o} L1600 2,426 4ol
ME1B RAD MM 5,9 180 2,404 4a,s
MatH RAD M| M 6ol 170 1,886 d4i,9
6BY M{B1B HaAD MLm Bab o200 24016 H0,5%
MiggB RaD MM 5,1 200 2,731 428
M{B9B RAD My M Beb 210 2,427 42, b
M{69B RAD MM 5,8 2170 1,941 40,8
LA LA S 2 A2 02 P T A R Al a2 Y X Lty s Ayl L L Al LA Ll d XX
ME AN 8,8 J184 2,269 42,6
{ .83 MPSI) { 6175,P31)
§TD, DEV, o4 ,018 298 1,5
¢ 06 MPgI) t 218,PgI)

POPASINReOgPFYROP N NeR R RN R R R Rl R R PR PR ReYRNERROR I RS R
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TABLE 11-7 {Continued)

COMPRESSIVE PRUPERTIES OF HLM GRAPHITE

L LYY R Y ey Ly L A YRRy 2 XY 3]

LUYT NO, 367 SPEC, DIA, 12,8 MM
LUG N, suUBUeT8 SPEC, LENGYH 25, MM
LUG DENSITY ee MG/Mu® 3

PR PP RPN R PR PP R e R R RNy PR et PeroanSeo PRl eRDRNeB S
SPECIMEN DNRIENT= LUCle DENGITY YULUNGS PFRMa kAL COMPR
NYMBER ATION  TION (MG/Mea3)MODULUS ANENT TyYRE BTRENGTH
(6Pa) SET STRpIN (MP )
(PCTY (PCY)

L 2 EEREYEY R XA LR Y Yy Eryry eyt ryy sy EyrrLyyryrys Yy

baE  MpOL AX MLE bl 180 2,142 41,3
mbul AX MLE Beb 110 1,630 43,6
M72C Ax MLE Te2 0150 1,659 18,8
M7&C AX MLE 6,9 0150 1,978 42,4
oBe M142¢C AX MLE 0,7 L7002, 012 42,1
Miapl AX MLE 73 s180 2,030 41,9
M1Sel AX MLE be9 #1890 1,714 38,6
MISRC AX MLE 7,0 200 1,71e 39,9
PERERTEE RGP R PRI RBPROPRI VPRI RN TN I RRRN TR TTRRRNPeRRNRP OGP RNAB R
AE AN 7ol c16% 1,861 4144
(1,03 MPgl) ( 5958,P31)
81D, DEV, W7 L028 200 1,8
( 10 MPgI) {( 261,P81)
PRV NP RRTR PRSP ETRRB RO PPV R reep R el eRne e PP R R R rRRB S
bAE  MTQH RAD MLE 5.9 0200 2,711 8.0
MBIB RAD MLE 8,8 e 2U0 2,479 44,3
MayB RAD  MLE 909 o180 2,410 bU,e7
MOTH RAD  MLE byl L180 2,380 45,7
6BE M1878 RAD MLE 546 180 2,677 45,9
M{91B RAD MLE S5e7 210 2,024 44,5%
MIQSH ﬁAD ML& Qll .190 2;215 43.7
M20sB RAD MLE 5,8 2820 @,498 44,3
BERERRP RPN PP PR RN R R P R NP RO e YR e et e PR R B le SR RCRREN PR R
ME AN 5,9 ,19% 2,500 Y
( .85 Mp8l) ( 64B5,PSI)
§TD, DEV, s € s 016 2166 1,0
( 402 MP8I) ( 151,P81)

PROBRPE PP PP FRO PR R Pl PR PRl PiPee R PP e e el o YRR we RO BE
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TABLE 11-8

THERMAL CONDUCTIVITY 0OF HLM GRAPHITE

PRSP RO RPN R RSP ROV BRERD R a BB

LOT NUMBERY == LOG NUMBERS 64B84=T8

NRTIEN= ([ (CAe SPECIMEN THERMAL CUNDUCTIVITY (W/MeK) ATS
TATION TION NUMBER
205K 473K 673K BT3K 1073k
(22C) (200C) (400C) (600C) (BOOC)

ﬂ‘"n.....ﬂ......ﬂﬂ..'..'.ﬂ'ﬂ'wQ’C."'ﬂ'."‘ﬂ.”.ﬂ.ﬂ’ﬂﬂ’ﬂ...ﬂ‘

AXTAL MLC Mw90A 134,9 113,1 95,3  77.9 66,8
M=90B jau,2 127.9 104,7 89,6 77,7
Me90C 104,2 107.,2 85,8 70,8 59,4
M=90D 111,6 119,01 100,2 76,3 62,4
Me90E 131,80 115,8 95,9 77,6 66,2
Me9OF 123,0 115.,6 93,6 77,7 66,6
Me906 119,0 101,5 80,6 66,3 56,0
M=9OH 125,2 112.4 89,1 71,0 65,2
.-'.ﬂ'ﬂ”"."ﬂﬂﬂﬂ'nﬁﬂ'."Q.ﬂ".".ﬂﬂ”’ﬂ’..ﬂﬂ
MEANS 124,2 114,01 93,2 75,9 65,0

STD. DEV‘ la.q 798 7Q8 7.0 bﬂa

PHPERT RO TON SRR RN TR N T RSN TRV YRR PenS e PR oBEERMEBR
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TABLE 11-9
MEAN STRENGTH VALUES OF GRADE PGX GRAPHITE (LOT 805-3, LOG 6484-112)
(MPa)
Axial Radial
Slab 1 Slab 6 Slab 12 Slab 1 Slab 6 Slab 12
EC l EM l EE MLC l MLM I MLE EC! EM! EE EC l EM I LE MLC I MLM I MLE EC I EM | EE
Tensile
10.5 11.1 11.4 10.0 10.9 11.4 9.1 9.1 9.4 9.6 10.2 10.9 9.2 10.3 11.0 8.9 8.1 8.8
+2.0 +0.5 +0.6 +0.7 +0.7 +0.61 +0.9)+0.6]+0.6 +0.7 +0.8 +0.6 | +0.8 +0.7 +0.9 1 +1.1 1 +1.4]+0.9
Compressive
44,7 43.9 45,7 41,7 44,8 45,51 41.7 140.3140.71 42.2 41.1 42,51 40.2 41.8 43,31 40,21 39.11 38.3
+0.9 +2.8 +1.6 +2.2 +2.0 +1.9]1 +0.8 1 +1.9 | +2.1} +2.7 +2.8 +1.5 ] +2.2 +1.5 +1. 7 +1.4 #1011 +1.8




TABLE 11-10
T T TENSILE PRUPERTIES UF PGX  GRAPHITE
OBV RDEP RNV EGEONOPeaRngRUuecnATRSe s
LOT NO, ADSw3 BPEC, N1A, 12,8 mM
LOG NO, s48dwmy12 sPFC LENGYH 53, MM
. LUG DENSITY 1278 MG/Mwe3

-ﬂ.Q’WQﬂ”ﬂ-’.Qﬂ”'ﬂm’ﬂ”ﬂﬂ’ﬂwﬂwﬂﬂlﬂQﬂ'ﬂ.”ﬂ"ﬂ‘ﬂﬂ'ﬂﬂﬂﬂ'."ﬂ'HMRQQ

SPECIMEN NRIENT® [OCAw= DENSITY YUUNGS PERM= FRACe TENSILE
NU1RER ATIUN  TION (Me/Mend3)MONULUS ANENT TURE  BTRENGTH
(GBAY 8ET STRAIN (MRA)Y

e e e e e . CBETY O LPQYY L L L L
BEFERDBRREPRBRPOVOH PP VIRV RN BRI rP NV D DR E BN SRR
TAC=E= §n0A AX EC _ 4,784 Py 2080 L2089 10,86
e 12A AX EC 1,787 205 u0g7 .212 10,95
w 224 AX EC 1,786 i begs 165 9,2
o 20A Ax  EC 1,785 6,5 030 212 10,3
» 0eA AX  EC - — 11,9 -
w (BA AX EC {1€,0
o= {08 4y _ EC - . . 19,4
= 128 AX EC 11,0
"MIRA AX “E__C_ L _ o o 9,9
w 208 AY EC 10,86
) = 298 AX_ EC .y .
= 2ub Ax EC 12,0
{HCwE=1068 AX  EC 1,777 _ 6,4 ,085 _ ,219 10,6 _
=1088 AX EC 1,778 3,3
m 9uB AX EC 1,776 6,3  ,020 _ ,216 10,8
m Gaf Ay EC 1,774 6,3 .022 18 117
e ®102A AX  EC _— — e a2 .
wio4d AX EC f11,8
’{GbA Ax gc_ ~ N o o 11,9
®»108A AX  EC 11,3
13C=E=» 90A AX  EC B e 12,0
® 938 AX EC 11,5
... ® 9uA ax < EL . 1106 -
® DA AYX 1290
nnﬂ'n-nt!nq'muwhm-q!@ﬂ’uﬂﬂmmnqwuﬂnmqanqpngﬁmnquunnhnngﬂdnnnﬂnﬂru
MEAN 1,784 0,% 084 207 10,9
L o ) (m.Ga MP&X) ) _( 1825,PBI)
310, DEV, L0089 3 004,020 2,0 B
T U U0d MPET (d96,PB1)

B P D ER e W e g 0 0B W 60 W S W op B T 00 0B IR TN OU on o 19 OB W0 T 09 /@ O R MR B OB O gn o 6D A U UP B OR WD 00 OF TR W W 95 ov W W B B ® P VD
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TABLE 11-10 (Continued)

TTTTTTENSILE PROPERTIES OF PGX  GRAPHITE
Lr 22 X232 3 XYY rFrys YLl g2y iy yy bolog Ny
LT NDy RDS=3 SPEC, DIA, 12,8 MM
106 NU, 6484e112 SPEC, LENGTH 6%, MM
LOG DENSITY 1,78 MG/Man]

w-.u-.q;Q.guﬂQnﬂﬂn.n!‘QOwn...-ﬂ‘ﬂ..-.DQQQHQOQQ"QQSWO-O'.PRll.ﬂﬂﬂ

SPECIMEN DRIENT= { Ocae DENSITY YOUNGS PERMe FRppw TENSILE

NUMBE R ATION  Trom (Mo/Maa3IMODULUS aNgNT  TURg STRENGTH
(GPAY SET S8TRAIN (MPA)Y

— e _(PETY (PCLT)

L XY ey sy sy sy r2rryrrri el X yIryyyroyg g 3yyryyiyryyyyry.;]

12AC=Be 10B AX EC 1,786 6,40 025  ,188 8,8

= 128 aX EC 1.777 5.7 2 031 0197 8,8
e 22B AX EC 1,774 7.3 0282 4152 8,7
« 248 Ay £EC 1.77% 5,8 « 050 a 209 9,0
= 064 AK | - - . . 9.7
e ODAD AX £C 8,2
s 10A AX EC 10,0
w» {8A AX EC - 10,0
e 2nB AY EC 9,0
e _22A AX EC — e . ' L
128CeR= Q4R AX EC 1,791 6,3 w031 G171 Be3
» Q4B AaX EC 1,798 beb 126 <188 9,1
=10a68 AX EC 1,789 6y .N19 2170 8,9
»{0RB Ax EC 1777 5,9 0030 €03 8,0
12HCmRm 9pA AX EC U £ 'Y 4
s G0oa AX EC 10,2
- 928 AX EC i . 746
® GuA AX EC 9,6
=102A AX EC _ B o _ b5
i 0ul AX EC 9,0
®{06A Ax EC . 1Y 2
={08A AX EC 9,8

POPEPRPE PPN PR oRPoReRTIRRePe YR P ol PP Re R RN eRReN R aTeRa

MEAN 1,783 6,2  ,027  ,185 9,1
B _ (490 MPST) B ( 1317,P8I)
- . 870, DEV, = 4009 o8 4,008 L0119 49 __ )
{ .08 MpSI) { 127,P81)

PSP RRP e PR RORePS YRR e eReReR R0 et RPN RTe PP RO R ERRRS

11-57




TABLE 11-10 (Continued)

TTENSILE PROPERTIES OF PGX  GRAPRITE

VBRENETREAUNAGEERRNRFOROSERRN DRI eRNRCOTDS

LOT NO, 8DS=3 8PEC, DIA, 12,8 MM

LOG NO, 64BUw112 ‘ spgc, LEN&TH 63, MM
wLuG.O&ﬂﬁlf! 1278 mG/Maed —

u----’--'Q.Q-nm."nﬂnﬂPﬂ.ﬂ.'”?WQ'QQQQ'.'.“PG.Q--’DQ'QFROQ’.’.R
SPECIMEN ORIENT® [ UCAw DENSITY YOUNGS PERMa FRAC®  TENSILE
NUMHBER  ATION  TION (Mg/mMax3)MORULUS ANENY  TURE STRENGTH
(GPAY SET STRAIwN (MPAY
e e APETYY  (PCTYY

'--.-ﬁ-.QQQ’.”."#Q‘.Q..'.”-”..”ﬂ'ﬂﬂﬂﬂﬂ-..“‘nﬂ'ﬂ"ﬂﬂ"ﬂ.*ﬂﬂﬁ-

1aC=Ee 31 RAD  EC 1a779 0 A7 . o019 L1TA 9,8
» 11 RAD EC Le 779 6.9 p021 4180 10,2
®» 07 RAD EC 1,764 Tire 9,7

= 08 RAD EC . 6.7 L083 187 9,8

® (08 RAD EC 9,3

= 23 RAD  EC _ 99

w 2% RAD EC T8

= g9 RAD  EC - - - 8,3

= )3 RAD EC Fel
1ACeke1 43 RAD  EC 12770 6,5 085 4185 9.6
»1{7 RaD EC 1,778 LI s 021 .102 10,0
=133 RAD  EC 1,772 6,8 4080 L1785 9eb

»{37 RAD EC 1,769 boh J028 o183 10,6
=181 RaD EC =~ _ e 9,58
w118 RAD EC 10,1

L ABC=kei19  RAD  BC e e L 98
wiXt{ RAD EC 8,4
=138 RAD EC 10,3

w136 RAD EC 10,2

o-unnnqnnqqﬂu-w--ﬂunnwnn!anﬂwnmmnnnwn'qn-nﬂw.-ﬂmwﬂvnﬂwnunwnwnnﬂn

 MEAN 1,776 6,7 081 G176 9,6
EMQQV MpsI) . ( 1389,P8I)

81D, DEV,  ,008 o 4002 L4013 o7

( ,0% P8Iy ( t102,P8I)

PRI ReReR RN TR PR TR R RPN RSP e RN BRRP RIS RREORD
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TABLE 11-10 (Continued)

- TENSTLE PRURPERTIFS UF  PGEX  GRAPHITE

PR BTD PO PRI RN RRATP RPN IR RPew

LOT NU, BDS=3 SPEC, LIA, 12,8 WM
LUG NO, 64Bymyi2 SPEC, LENGTH 63, MM
LUG DENSGTITY 1,78 MGa/Menl

(P L2 X 3y iy Aty ¥ty ryryys s af Rt yyryyr pygyrysy oy yyyyy?3/ ]

SPECIMEN DRIENTe Lipae DENSITY YOUNES PERMw  FR40w TENSILE

NUMBER ATION  TION (MG/Mww3)MUDULUS ANENT  TiRg  STRENGTH

(GPAY §ET gTHAIN (MPA)
(PCTY  (PCT).

L XYL L el rr Ly rryr2ayyry eyt 2y yryryr gy yys g xyEyyyyy]

t2AC=B= 05 RAD  EC 1,769 7,9 LU26 186 9,

. 09 RAD  EC 1,782 7,4 (020,152 R 7
= 2y RAD EC 1,778 7ol o023 2 150 Be3
w (0% RAD EC 9,9
w07 KAD EC . o _ 9.5
@« 11 KRAD EC Tab
® 21 kaD EC 8.8
® 2% pAD EC 8,6
®» 26 RAD EC 8,8
j26CeBe1lt RAD  EC 9,1
) =118  RAD EC 10,4
126CeBm{1qg RAD EC Be7
{29 RAD € bo3
133 ®AD EC 9,3
. =137 RAL EC 7.5
128CeRBmi13 RAD EC 1,780 Tst oNE1 149 8,4
{17 RaDb _ EC 12279 . 7.6 el 160 90
=131 RAD EC 1,776 Teb NUT-R ) « 187 10,3
*135 RAD  EC 1,774 747 e019 (180 1046

LY Y3 i ey Ly sy yy Yy sy yyryr gy yryiryys gy yyryyryy:?
ME AN 1,777 7.4 L0228 160 8,9

(1,07 Mp8I) ( 1292,p81)
- 8§10, DEV, L004 o W00@  Lu17 1ol

( 05 MP8I) ( 159,P81)

BREDRRNREBBRCARTEP DA BRRERRRRRNRRRRTBDPPIREADIRORR PR RPPIIDENGRP DR
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TABLE 11-10 (Continued)
TenSTLE PROPERTIES F PBX  GRAPHITE

L L X A L Ty ey sy YLy yyyYysygi3y.}

LOT NU, ADS=3 . SPEC, NDIA, 12,8 MM
LUG Ny adRUxL12 SPEC, LENGTH 6%, MM
LOG LENSTITY 1,78 Mh/Mwey - -

5 W 0P 6 B g T R Y ap T R R W TR D W W W B W @ g TR R GR B0 T2 gp R W b TR G0 @ g gp TR TP TR O 0D 0 R 00 W B o W D @ B 08 W W B B

SPECIMEN NRTIENT= [ {ICAs DENSITY YOUNGS PERMe FRACw TENSILE
NUMBE R ATION  TINN (MG/M®R3)IMODULUS ANENT  TyRE STRENGTH
{(6Pa) ST STRAIN (MP )
- . . (Pel) (PrT)

LA AL AT R AALY LAY YT Y A A2 R 22Ty X 2 R 2 2 R 0 2 A X 2 X X3 |

faYmgm 304 aX (A 1,771 by2 . 028 0237 11,3
& WA AX EM 1,772 bg b ¢ V@9 223 1046

= 46H AX pM 1,774 6,0 26 222 10,3

» BU4A AX Em 1,769 6g0 023 231 10,6

@ JnA Ay Em .. — - . 11e?

= 4B AX BM 11,0

= U4PA AX B 10,7

® 4B Ay EM 11,4

w GpA AX M 11,0

» 548 AX g™ 11,4
1gYep=11d8 AX M 1,773 0,3 080 _,e39 11,7
= {184 AX B ™ 1,773 6ol L0189 23y 1147
w1308 AX EM 1,778 6,3 L0258  ,226 11,0

w{ 384 AX Ewm 1779 0ot s V2% ee27 11,0
w{14A AX EM B ) 11,6
w188 ax EM 10,5
18YeEw i @26A AX Em e e e oo 10,3
w26l AX EM 12,3

_ w{inA AX Ew 113
w388 AX B 12,0

L2 2 R L A3 2 XL LA yryyy ey rryyrtry LRI YL Y FY R} ¥

ME AN 1,774 6,2 L0284 230 11,1

o ) 91 mMpPgly L 1614,P81)
$T0, DEV, 2003 o2 2003 2007 23

{ .03 MPg1) € 79,P81)

RSV EBPOPRER PRV ERNVLRO VNSO RO R RS ERR R e RS RSP R R LR PV EBRTD BN
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TABLE 11-10 (Continued)

TENSILE PRUPERTIES NF  PGXx  GRAPMITE

MEORRER BRI RSP PR R RT PR DY ORISR

LUT o, ADSw3 SPEC, P14, 12,8 MM
LG NU, ed4Bdmil SPEC, LENGTH 03, MM
LOG DENSTITY (.78 MG/Mewd

POTEP ST RRPRR ISP R PP RSP O P PP RPN PReERNGera PR PR e BN B
8PECIMEN (ORIENTe LUCA= DENSITY YOUNGS PERMe  FRACe TENSILE
NUMBER ATIUN  TION (MG/maw3IMODYLUS ANENT  TyrE BTRENGTH
(GPa) SET  8TRaIN (MPy)
_ (PCTY (RCT)

LA L L L X L2 ¥ 3 3 2 2 A g X2y 3 4 X i 2 rryY i 20 X432 2 3 2 2 X 3 3-8 F 2. 8 2 K2 3 % 2 L L K X ¥ Y % f- % |

12aYege 308 AX EM 1,770 5.7 N32 231 9,3
= 34A AX Et 1,767 byt 0 31 o 1R9
o e AX EM 1,776 5,8 0 NE7 1212
® S48 AX EM 1,769 5.8 o V30 1806
e 30A AX En
= JuB AX kM
m 42A Ay En
® 428 aX g™
w d6A AX Em
= Sufk AX EM

128YmRael Lub AXx Er 1,774 549 028,210
={{RA AX EM 1,771 6,1 W 029 1224
=1308 AX b 14775
={38A AX EM 1,782 6,4 , 130 o 184

wl{dA AX EM
={188 AX EM
12nYeBe]26A AX Em

Goen § oo e DU OB D DV DT VE Diel & = ~d

o G @& 5 2 B ® @ @ W B oW OB B OB e O B B B O

0O POODILIVOVPD DDHDDIOIDIOITOIPBOD®

widhld Ay E#
w{ 804 AX B M
={ 388 aAX EM
n-uuwmpqungwn--Onn_punn-nunp.nnqunpw‘punn.gnwnnuuuqnn-nnnqu o 4]
ME AN 1,773 6,0 0 V30 0209
) A ( 87 vp8IY _ (1 gPSI)
870, DEV,  L008% 2@ N2 019 s6
{ 03 MP8]) {( 93,P81)

BERBRRP PR AR R RSN O RPN R AR RN PSR R PR RPN R RART AR NGNS R ®
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TABLE 11-10 (Continued)

TENSILE PROPERTIES 1F PGX GRAPHITE

XA L A L AL LR XL ¥ PR B2 L2 L AKX X 2 2 X2 % 3 8 2 % X 3 |

LUy nt, HLSe3 SPEC, DA, 12,8 MM
{116 NUJ, 64BU=silp SPEC, LENGTH 63, MM
U6 DENSITY 1,78 MG/Mawd

LA A A A 2 LA X EFRE LA XL ARS R R AL st i X2 A Al Lyl a2 22 0 0 A0 2 &R 2 L. 2 3
SPECIMFN (ORIgENT= LUCA= DENSITY YOUNGS PERMe  FrAC®  TENSILE
NUMBE R ATpon  TION (Me/Mea3)NOpULLS ANgNT  TURE STRENGTH
(GPA) SET S8TRrRalN (MPA)
(PCTY (PCT)

LA ALY EFELELL LAY X X2 P2 s X3 R 2 2 F 22X Fryy s R 2 X R -8 0 XX ¥ XX J )

{aY=be 4% palb Em 1,772 hfed «U1B 0193 9,8
w 48 RAQD g™ 1,772 L st . 188 Q.7
= 63 RAD kM 1,778 Y 10 o 1 30 10,6
w £7 RAD Em 1,776 740 o118 801 11,3
® 47 Rabd Ex B o ] . 9.3
® 47 KAD B ™M 9,3
= S{ RAD Em 8,3
® 4 RAD EM 10,3
® 6% RAD EM 11,0
= 40 RAD EM 10,0
18Yaf=155 RAD - Ew 1,774 Tol | L1018 4189 9,2
«157 RAD EM 1,773 740 021 2209 11,3
{71 RaD EM 1,776 6o 8 L0018 0 191 10,5
=178 RAD M 1,775 b8 s VE0 « 184 10,14
151 RAD  EM 11,0
=188 RAD g 11,0
1BYwEe159 RAD  Ed - 10,2
»{eg RAD EM 10,9
=173 RAD Em 9,9
»{77 RAD EM 9,7

LA A LA A 2 A 2 2 Fi 2 R A A R LRyl el LR il Yyt il Lo B3 it 1 XF 3 3 2.7}

ME AN 1,774 6,8 L0118 L1182 10,2

o L ¢ 99 MPST) L { 1475,P81)
aTn, LEV, 002 3 002 025 o8

B { 04 MPSD) ( 118,P81)

RO RPE PPN PRI RE Rl N RN P R BRSO DNNERINe RN P PO BR RN DR EREmE
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TABLE 11-10 (Continued)

TENSILE PRUPERTIES F  PGX  GRAPHITE

cPoertteesvrlerfoesdeeerlolsnoReseprPo®pe

LOT Ny RUEw SP&C. nNiA, 1e’a MM
LUG NU, 6484wyt SPEC, LENBYH 6%, ™M
LUG DENSITY 1,78 MG/Mew}

n.n-n-pnuw.bnﬂﬂ-.n-wqu.n-u-.unnuﬂqnnnvnu!!-wnn.mn-ns?nnnﬂa-nwn

SPECIMEN DRIENT= | Orae DENSITY YDUNGS PERMs FhRpcw TENSILE

NUMRER ATIUN  TION (MG/MeaB3)MODULUS ANENT  Turyp STRENGTH
(GPa) 8ET QTRATHN (MPAy
- __tecTy (PCTY

L L Y R YT Yy ey Yy sy gy iy yysy;spryyry32;yy 383 F 333y

12AY=He 48 RAD  EM 1,776 6, A 026,179 .
e 49 RaD EM 1,776 et T s 150
® 3 RAD Ewm 1,774 6,9 s U0 g 168
= 67 RAD E™ 1,773 6,9 Y « 189
e 4% RAD Eow
®» 4% RAD B
» ¢ RAD EM
a 1 &KAD g
® 6% QAD Em

> 59 RAD  EM
12yYeRe153 RAD  E™ 1,775

=187 RAD  EM 1,772 740 L 019 L8O
®]7% RAD EM 1,782 7.2 W NEO o 147

iy RAD B
=158 RAD Ew
128Yefa159 RAD  EM
{69 RAD g
«{7% RAD E
=177 kRab kM

|

= e DD D20 DB®ODPTD OO0 N~ DD D

e § ®» » 8 » D B O B B W N S B E © P D D G

e Y Gl O OB L O T e D D aie W [ o~d

PR BT AR RN PR NRORRA RPN AR R ER RN IR PRI AR RBRERB 1Y
ME AN 1,777 6,9 022 o161
(1,01 np8Iy ( 1181,pST)
8TD, DEV,  (00% .2 L003 U4 1,4
( 0% MPSRT) { 202,P81)

ROPRRT RO e POV RSP R e pRORNe PR AR RRe R R YRR RN RPRERRDS RS
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TABLE 11-10 {Continued)

TENSILE PRUPERTIFS 0OF PGX GRAPHITE

LA 2 E A A Y L R RS 2 Y P A 4 A X R ALY X 2 X2 At ¥

LOT N, ADSw3 SPEC, NIA, 12,8 MM
LOG YU, p4Buwtie SPEC, LENGTH g3, MM
LOG DENSITY 1,78 MG/M#wed

LER L E A 2 T 3 L LR A 2 L8 LR L LA XX X T 2 3 L AR L A X 2 L LF ¥ 2 0 L L2 X R0 X 4 2 R 0 L LA 1 L. 3 X
SPECIMEN  ORIENT= | )CAe DENSITY YOUNGS PERMs  FRACS TENSILE
TILMBE f ATLON  pINN (MG/Max3IMODYLUG ANENT  TyURE STRENGTH
(GPA) SET S8TRAIN {MPA)
- — . (RLT)  (PCT)

BDPRDBRTR T SO RPN TR R ROl Rl R R P P RO e R P R ORe R PR amR TS B R

lak=E® &0B AX EE 14773 byl 028 « 290 1144
e GUA AX EE 1,798 6,3 0 020 0023 11,0
s Thl AX EE 1,782 6! 2020 0219 1048
» 84A AX Et 1,786 &3 022 2219 10,7
= QA AX EE . - - . 11,3
» 4B AX EE 10,3
w T2Ah AX tE 11,8
e T2B Ay EE 11,0
» 76A ax EE 12,0
» BaB AX EE 10,7
1HEwE= 144l AX EE 1,788 by (V20,289 12,3
e {UBA AX EE 1,82% 6,8 024 s EH0 12,2
wibnB Ax EE 1,792 bl 2087 W €54 11,9
»1684 AX EE 1,781 6e2 o027 247 11,5
w{4uA AX FE 12,0
w14RB AX EE 11,9
LHEwEw 564 AX EE e . 11,7
»{568 AX EE 11,40
=1b0A AX Ee B ) 10,7
miohE AX EE 1.6
QOWQOwuﬁ’.n.-ﬂ”'n.nﬂﬂﬂqﬂﬂﬂﬂwﬂﬂﬂtﬂﬂﬂﬂqﬂﬂnuﬂﬂﬂnﬂ’rO.gﬂﬂﬂ"”wﬂ.lﬂﬂvu
ME AN 1,790 6,8 2023 0239 11,4
S i _ L 881 mPSD) . 0 1654,PSD)
8Tu, DEV, ol 42 4003 016 1)
( .03 MPSI) ( B8%,P81)

LA AL L L A 2 L XS ALY IRl Ll LY Al Yl Rl Rt Al g 0 2]
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TABLE 11-10 (Continued)

TENSILE PRUPERTIES OF PGX  GRAPHITE

PHRBBDEBRRGT PO BN RV RGD SN R R B RRew

LdT NU, BLS=] SPEC, DIA, 12,8 MM
LUG N, suBUmite SPEC, LENGTH 63, MM
LuG NENSITY {,7R MG/Mwaw}

LA B A A LA B3 A LX P R ARl Lt i b ti sy B R A X 2 B 8 L0 2.0 3 2 F 5 2 3 § ]
SPECIMEN DNRIENTm | OfAe DENSITY YUWINGS PERMe Fkale TENSILE
NUMBER ATIUN  TION (MG MexRIMODULYS AMENT  TUwE  STRENGTH
(GPAY 867  8TwalN (MPa)
- - _PLT)  (PCT)

LA R A LA LT L R LLLESE LYY DL 3 R 0 2 LAY LR 2 L R A0 2 R X 3 X 2 R L. X 2 2 L 2 1% 4

12aF=f= 608 AX EE 1,764 Kab VMO e 205 B,4
m HUA Ax EE 1776 5.9 UES 211 9.4
= Tal AX EE 1,796 6,1 129 W 204G Qa0
m AUA AX EE 1,78% by 026 o4 9,8

™ 60A AX EF . 9e5
e 648 Ax BE 8,7
= 724 AX EE 9,3
® TR AX EE Geb
e THA AX EE Qe
- B4yB Ay EE 7,9

12nEmBmiu4n AX EF 1,769 5.9 2028 217 b
w14RA AX EE 1,786 64t L0028 192 9,0
m{o0B AX EE 1,788 b4 L024 L2086 9,7
wi6AA AX EE 1,780 6,3 050 2 €81 10,0
el UBA AN EE 9,5
afUfAd aX EE 10,2

120k B56A AX  EE _ 10,3
»1568 Ay BEE 9,5
®16GA AX BE 10,0
={0BH AX LE 10,0

FRBARAG PSRN P PO R P reo@ ol "Rl PN BEEwRGRePo om0 0 00w PSP W p

Mg g N 1,780 6,1 L0028 209 9,4

o ( .88 mp81y { 1367,PSI)
$Th, DEV, L0110 ¢ 2 L0085 L0128 S

( ,04 MP8BI) ( B88,p81)

BRVBSP TN PP PR RN R ORI OR R TR PR n e R Py pe e Rl RS PRRR PR
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TABLE 11-10 {(Continued)

TENSILE PROPERTIES OF PGX  GRAPHMIYE

LA A X LA 2 X LAy T L X L a2t X R A gt ¥ % L X 0.2 §

LOT U, BDS=3 8PEC, D14, 12,8 MM
LOG NU, 6484e112 gPEC, LENGTH 63, MM
(16 LENSITY 1,78 MG/Man3d

L R L A X 2 2 XX LA rEY XX 2 A2 Y 00 3 R 22 L X3 3 0 ryy Xy 2 k3% X YR iy o33 f 3L ¥ 3§l
SPECIMEN ARIENT= Liiga= DENSITY YUUNGS PERMe FRA(w TENSILE
"tUMHE R ATIUON  TIOM (MG/MeaBIMODULUS ANpNT  TURE STRENGTH
(GRA)Y 8ET 8TRAIN (MPAY
(PLTY (PCT)

PReRURRR OO RN RO RO e RN P RN T RO R P RN PP R R PR R PR RRT AR E

faE=fFe RS RHAD EE 1,787 Tee s 18 197 11,3
w By RAD EE 1,787 T3 021 ,198 11,3
» 99 RAD  EF 1,789 Y W12 o175 10,9
{03 RAD EE 1,788 Te% 22 0198 11,4
« 79 RAL  RE o - . 10,9
@ 83 RAD EE 11;0
= BT RaD EE 10,8 .

= 97 RAD EE 10,4
wi0y RAD EE 10,9
{08 Rab FE 11,5
HE=Ew189 RAD  RE 1,794 T42  ,021  ,201 11,3
{87 KAD EF 1,792 7.3 SU18 . 176 10,7
=207 wAD  EE 1,789 6,7 y 080 2 180 10,0
w@iy RAD EE 1,789 T2 2 DET 195 11,0
={87 HKAD EE 11,9
91 KAD EE 11,9
{HEmF= {98 KAD EE s o 10,4
waos RAD  EF Q4
w209 RAD FE B 11,1
w213  RAD EE 10,6

eV RSBE RS REYY RN ERPREOR RPN R R YR YR RN PR PR DB AN SRR RE
ME AN 1.790 Ted .N1Y « 190 10,9

_ . i (1,08 MPg1y ( 1586,P81)
8T, DFV, L0082 o2  L003 011 0 &

( 03 MPSI) { &B,PSI)

BPHREBRDER RPN ORRRR R R RN RES TR R R PRSP R ReR N OB RO S e
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TABLE 11-10 (Continued)

TENSILE PRUPERTIRS OF PG  GRAPHITE

BReRPRCEE RN I en oo eRtePee

LUT NU, 8DS=3 SPEC, D14, 12,8 Mh
LUG NU, e4B4my12 SPEC, LENGTH 63, MM
LOG DENSITY 1,78 MG/Mex]

Dnu..ﬂ!'ﬂnqQﬂﬁh”ﬂﬂn.-.ﬂﬂ’.'qﬂﬂﬂﬂﬂnﬂ'..ﬂﬂﬂﬂﬂﬂ”!ﬂﬂﬂ.'ﬂ'ﬁ{?'ﬂ.ﬁm
SPECIMEN (ORIENT® L (Che DENSITY YUUMGS PERMe FRAC®  TENSILE
WUMRER ATIUN  TION (MG/Max3)MUDULUS aNENT  THRE STRENGTH
(GpA) 8FT STRAIN (MPA)
. — (PCTY_ (PCT)

FEBEDPPROP TR REPRN DD RROI PR U PR RO Re RO R P PR DR ERR I BN HRD P BBH S

12AE=Be 81 RAD  EF 1,778 b,8 W29 L203 10,0
s B8 RAD EE 1776 h,8 e 029 » 180 .
» 90 Ralh  EE 1,778 7,3 Le6  L,177
{03 RAD EE 1,778 Ta f 018 179
* 79 RAD EE ) i B
» 8% HAD EE
® B7 RAD EE
® 97 RAD EE
101 RAD bE
wm{y8 RAD EE
128EwBm 189 RAD  BE 1,773 6,7 _g024  ,135
9% RAD EE 1,773 6.0 s0e1 o131
w207 RAD EE 12776 7.3 Ry 2 180
w@2i{1 RAD EE 1,774 LI s NES s 131

=187 RaD EE
{91 RAD EE
_1enE=Bw198 RAD  EE
w208 HAD EE
=209 RAD 33
213 KAD EE

N2 BT O~ OO LINL2OD 000D~
S E PO O WN-dNE HEBRNO WD ~d O

-~fa T B B B & © B B B 8 B 8 B D B B B B B

wpanQQ!mn-nuunm-q’npupnmm!ngpunQngwnnnnumnmpn.nwnmmuunﬂnu L XX K ]
ME AN 1,778 6,9 s 024 s161
o (1,00 MPSI) o ( 1270,pP81)
$T0, DEV,  L,003 .3  L00%  ,028 0 9
( 04 mp8I) { 124,p31)

PRI LS OPRSsneEbenresbar P9t eeoetRYeoneee e NP ooneeane
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TABLE 11-10 (Continued)

TenSTLE PRUPERTIES OF PGX  GRAPHITE

TR PTERp LR seRERRBrRe RS e P Ren

LOT NG, RDSel SPEC, D14, {2,/ MM
LuG NO, m4Buweytl QPEC, LENGTH 63, MM
LUG DENSTITY 1,78 MG/Mwx3

LA LR T YL LA Yy LYy Al L LA Ry R L X A 2 F 2 -1 L L2 4 X .3 2 2 L X 3
SPECIMEN NRIEMTs LUCA= DEMNSITY YOUNGS PERMe FRACW TEHSILE
NUMBE R ATIUN  TION (MG/MasBIMODULYUS ANENT  TyHE STRENGTH
(6Pa) ST 8TWalIN (MPy
ABCTY _ (PCT)

LR A A2 A s R A R Ry AT 2 R 2 2 XL XYY ¥ i LA 2 R 2 % 5 L L % 2 0 R 2 2 2 X % i

eal=Ms 10H AX MLe 1,788 beld 2019 o181 B4
» 128 AX MG 1,781 6,41 nr i 10,8
e 224 AX MLE 1,792 by3 024 4192 9,8
» PUA AX ML C 1,784 6,8 Je1 e 174 9,1
= 10h AKX MLC . . 107
= (RB AX MLC 9,9
» Q6B AX mi € 9,9
® 124 AX MLC 9,7
® [RA AX MLC 9.2
w 20A AX MLC 10,1
= 2gbB ax MLC . . . 1122
248 AX MLC 9,9
buC=Me 94y aX “LC 1,769 6,0 2 €D W P15 10,3
» 964 AX MLE 1,771 5,8 LOLT 204 10,9
® 9RA AX MLC 1,78¢ 6e3 2019 «2e0 1049
oBCeMeiQdl AX ML G 95
.. . =106B ax MLC 1,770 6,0 022,218 10,6
w 92A aY% ML 11,0
® 94hA AX MLC 9,4
» GpH AKX MLC 10,0
®» 9BH AX My C 10,1
w1064 AX MLC 8,5
n-nnnuuwnmqu-nnnm-umunnunnnnmnnmﬂnnwmwmwuumﬂvﬂnnmnwﬂunmnvunun:unn
o mEan o 1,776 6.2 L0281 T,204 T 10,0
0 490 MPSI) ( 1451,P81)
8T, LEV, 008 2 € o003 i F 4 o7
’ ( .03 MPgl) ¢ 98,P81)

OB PR RN SRR RSN IR RO NSl sweRePeseen et eaRueneoann
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TABLE 11-10 (Continued)

TENSILE PROPERTIFS 11F  PLx  GRAPHITE

L2 L2 EFY 2R XRELEEFY YL 30 0 8 FE B ¥ 5 3 3 8 F R 8 ¥

LOT NO, BLS=3 SPEC, NIA, 12,8 MM
LUOG NU, A4BUw112 SREC, LENGTH 6%, MM
| i.];; DEMETTY 1,7A MGBA/MaR

ﬂﬂ’.ﬂﬂ.'nw.ﬂ..ﬂ..'.ﬂﬂ“.’ﬂ'._'.'.'ﬂ.ﬁ.W.'---Dﬂ'.ﬂnﬂﬂﬂ.ﬂﬂﬂp..ﬂpﬂ
SPECLIMEN RTENTe [ (L Ae DENGITY YULINGS PFRMe FRAC= TENSTLE
N MHRER ATION  TION (MG/Mwa3)MLDYLYS ANENT  TiRE STRENGTH
(GPa) SET  8TRpIN (MPA)
e . (PLT) (PLY)

PERCERT PPN DI RNRRAP IR IRV VIR PRI IR IR SRR P RRB DO BB R W

aaleMes 07 RAD MLC 1,782 Te0 V21 e 146 B.o
w {1 kA&D KT 1,784 6,9 s 1120 181 B2

= 2% HAD MLE 1a781 748 021 e lbg 9,7

» 29 WAD MLE 1,779 7.3 o019 o130 Bg1

_.® 0% RAD ML C » ) 10,1

= D9 Rab  MLC 8,8

e {3 RAD ML € B, 7

= a3 RAD MLC 92

» 27 RaD ML Tub

w X4  Bab MLEG 9,9
6RC=Mw115 AL MLL 14779 Tol 4020 144 Bou
=116 HAD MLC 14771 Te? - » 1506 8,9
oHCwme]l 33 <Al  m C 1,77% T.0 017 2 177 10,0
=137 RAD MLC 1,773 Te0 o017 2 190 1047

=113 RAD  MLC 9,3

=117 RAD “1.C Bod
=12y =ab _ w C - o . - a1
=134 RAD MLC 9,8

w135 RALD MG 10,1

=139 RAD M C 9,3

FRRAPODPRORPoRERNRTRT PRI RFRPR e RN R P IR P PPN PR ea@ RN BRGE W R D E DR

ME AN 1,778 7ot L0280 L1586 9,2
B (1,03 Mp8IY o ( 1329,p81)
87D, DEV,  Gu0% o8 02 W 120 o 8

{ 03 MPSI) ( 116,P81)

POBRRORLOR RNV R RSP RR NP RNl SR R PR e PrBd Rt ReRBR
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TABLE 11-10 (Continued)

TENGILE PROPFRTIES OF PREX  GRAPHITE

L2 X2 2 XY R XYLy re rrEy Ly YLy Y g ¥ 1]

LUT U, ADS=3 GPEC, DIA, 12,8 MM
P ND, adBlgiie gPEC, LENGTH 63, ™M
LUG DENSITY 1,78 MG/Mawy

BRSSP PR PSRN RN PR PeT e NP RN RN RPN ORI RBG D
SPECIWEN NRIENT= LuyCAe DENSITY YUUNGS PERM= FRACw TENSILE
CUMBE R ATION  TION (MG/Max3)IMODYLUS aNENT  TyRE STRENGTH
(6PA) SET  S8TRaIN (MPAY
(PCT) (PCT)

LES E R A2 L L2 2 2 2 2 2 2 X2 2 2 X 2 2 2Rl X2t ilryy 2 L X X 2 2 2 L2 2 R 2 % £ % 3 ]

bAYmMe JpH AX ML 1, 782 6,4 L 021 s 20U 10,4
= 3“A Ay ML M 1;783 ﬁ.} .025 |225 10.8
*» 46B AX MLM 1778 G L0282 211 10,8
w §238 AX My M 1,778 6e3 N2l 224 11,3
P SOA AX MLM R _ R 11‘1
“ Xud AX MM 18,0
® GPA AX MM 10,6
= 438 AX mLb 11,9
® 4hA AX MY 11,2
v 528 AX MLy 10,5
bBYsme] 1 pH AX MLV 1,781 0,7 L0286  L208 10,7
wiimhA Ax ML M 1,782 6,5 Y1 W210 10,8
byYaMe | PRE AX M 1,781 6,5 080 24e 11,7
e134A AX MLM 1,779 6,7 022,207 10,5
w{24A AX M ™ 9,4
e1 248 Ay ML ¢ 18,0
brYeMa i 28a AX ML ™ e o 10,9
@i 148 AX MM 11,0
ﬂnl'ﬂ.ﬂ".-D.mﬂﬂﬂﬂ-lﬂO‘nﬂﬂﬂﬂ‘-"ﬂ””ﬂ..-oﬂﬂﬂﬂﬂﬂl.'nﬁﬂQ-Q'-Q-.Q..QHIQO
ME AN 1,780 b,58 2 0E3 817 10,9
( .94 MPSI) ( 1587,P81)
8T, LEV,  ,003 0 2 $002 G013 o7
T Tt L0 TMPET) - ( 99,P81)

LR 2 L XXy Xy Yy 2L Ly Yy yyryyyi§rxpryyyryy s gl ryyyyyrr gy yryryrsyyyy;y]
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TABLE 11-10 (Continued)

TENSILE PRUPERTIES OF  BGY  GRAPHITE

BEBREBO e TP e eRE PRl TeeeweswRRam

FUT NOL BLSeT 8PEC, D14, 12,8 MM
LOG NU, aUB4si1? SPEC, LENGTH 63, Mm
LUG DENSITY 1,78 MG/Mww}

REBERRR R R RN RNC NPT RO PO RGN R EGR R R PR R RPN aRe RO R RN ERE R W
SPECIMEN ORIENTe [LCAwm DENSITY YOUNGS PpRMe FRACe  TFNSILE
NUMBER ATt w1t (MG Mea3IMODULUS ANENT T jRE STRENGTH
(GPa) SET SIRAIN (MPAY
L (BpTY __(Bpe1) |

LR L AL S X L il L LA R XS i 2 FT 2 2 2 2 2 22 X2 Y LR il i el Yy X 3 % X )

bAYeMe 4§ RAD Mg 1,789 7,8 sl e 191 9,3
@ 49 KAD MM 1,787 Y- s U0 o168 Gol
» 63 RaD ML 1,783 Te2 s s 161 9,7
= 67 wAD L 1.78% 7.2 2 NED « 189 9%
= 4% Rali miM . 9,9
= 47 RAD  Mym 10,3
= &4 FAL Ml w 104
® &1  kaD L 10,1
» 68 RAD M| M 9,9
® &8 RAD M 10,5
bgYehm153 RaD MM 1,780 To0 4020  ,210 11,7
«{8%7 KAD MM 1,778 Tl «019 €17 11,9
=171 RaL MM 1,783 7,3  ,020 186 10,7
=178 RAD My 1,781 Y4 U . 1 BY 10,8
mifhy RAD M M LY
=188 RAD M # 11,3
,oHYsM=189  RAD MM . . . . 10,3
®»{6G RAD LA 10,%
w173 RAD ML M N . 11,1
w177 kAD i M 1047
u-nnuu,mumrnmwumn.q.mnnnungg?munﬂmmw.wqp,yqnmﬂwﬂnﬂﬂﬂnwmannp--n---
MEAN 1,783 Ted o G20 . 179 10,3
. .. (1,06 MPBIY | ( 1500,p81)
870, DEV, 004 '.? ‘.ﬁQl ,an o7
( .03 MPSI) ( 98,P81)

LA A AL AL LA ALl 22T LR i 2l YR R 2 2o R X2 YRRy et Ryl Yy .|
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TABLE 11-10 (Continued)

TENSILE PROPERTIES UF  PGX  QRAPHITE

BPRPePV RS RPN e PRl R RPN R RPan

LUt 0, 8U%s3 SPEC, NDIA, 12,8 MM
LUG NUe 64BUS112 GpEL, LEnGTH 63, Mpm
LUG DENSTITY 1,78 MG/Mwnd

LXEE XA T2 PRSI AL IS LY LYY L 22 0 LR Yy P2 A R B Xl A L X0 2 L2 BJ
SPECTIMEN NMWTEnT= | 0OCAe DENSITY YUUNGS PERMe FRACe TENSILE
NUMBRE R ATION  TION (Me/Maa3IMODULUS angNT  TURE STRENGTH
(GPa) SET STRAIN (MPA)
(PCTY (PCT)_

AL X A X2 a2 P AR AR I L A LI Al T R A Al a2l Al Il P gl ity X2l

bAkeMe HOB AX MLE 1,750 6,5 020 e 241 1149
= QHA AX MLk 1,792 L . o013 o 2NE 11,3
 THB Ay MLE 1,792 by7 W N22 206 10,8
w BUA A ME E 1,789 .6 D20 204 10,6 3
® biA AX miE i 11,9
® 6UB Ay MLE 10,3
» T24 AX MLE 11,3
® 7gh AX MLE 11,7 )

= ThA AX Mk 11,3
» Bak Ay ML E 11e6
bHEeMe i UDH AX MLE 1,792 by7 2 020 0 241 18,0
T wideA Ax mLE 1,787 6,7 L0240 258 12,8
={SRE AX MLE 1,798 6,5 2019 o198 107
wlbuh AX MLE 1,784 bol Niry s2hd 12,0
w{dph Ax MLE 11,6
w{Ubl AX MLE 118
GHE=M=154A AX  MLE ] 11,0
wi8ub AX Mk 11,3
={88A AX MLE 114
wibul AX MLE 11,7

REBRBT DR PRI CHRIPORP PP PER PR R P PP PP PR s RPN AR BEER
ME AN 1,790 beb L U280 286 11,4

L B ( 496 MPSI) _ . { 165%6,P8])
870, DEV, 008 o i N03 00298 s B

( 02 mpP8I) ( Ba4,P8I)

PORRPOERT TP RO EPRI DB RER TP PSR e PO VRSPt P FoeernePnGloereamawe®e
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TABLE 11-10 (Continued)

TENSTLE PRUOPERTIES OF PGX  GRAPHITE

PRV PER NP R PR PR B aw

LOT U, BDS=3 SPEC, DIA, 12,8 MM
LOG NU, euBlUwiig SPEC, LENGYH 6%, MM
UG DENSITY (,78 MG/Men3

PP PeanPRPe PR RGeS PRt Re R PR Berer P Rar e B R PP RNES
SPECIMEN  (RIENTe [ (ram DENSITY YOUNGS PERMe  FRace  TENSILE
NUMHE R ATIAON  TION (MgsMaw 3)MUDULUS ANENT  TURE STRENGTH
(GPAY 8FT  STRAIN (MPA)
(PCTY (PCT)

PRPRPOR TR PR RO AR PR P PR e RPN R re R R RO R R PR DO BPD P

bAEsMe B1 RAD  MUE 1 794 7,6 LU16 149 8,9

= B8 RAD  ME 1,789 % L 020 w201 12,1

= 99 RAD MLE 1,790 7,5 sU18 s 168 10,5

w103 RAD  MLE 1,799 7.7 eUL! s 184 11,5

= 79 Rap  MLE 11,0

» B3 RAD  MLE 10,6

w BT Kab MLE 10,8

= 97 RKAD M E 10,7

=101 RAD  MLE 11,6

=195 Rab  MLE 11ed
oBEeMe 189  HAL  MLEF 1,791 _ 7,9 013 145 10,0
w193 RAD  MLE 1,789 7.7 o016 ,198 12,0

w207 RAD ML E 1,791 T8 0158 o 189 11,7

w211 RaD MLE 1,793 Tt 180 o 197 11,8

=187 KAD  MLE 11,86

«191 RAY MLE 9.2
6BEeMm 198 WAD  MLE ) L ~ 11,4
=208 RAD  MLE 10,3

»20q WRAD  MLE 12,0

w213  RHAD M| E 11,4

."ﬂﬂ‘”-.D--an'ﬂﬂﬂ&ﬂﬂ.‘ﬂﬂﬂqﬂ'ﬂ“.‘ﬂﬂQﬂﬂ',ﬁ'ﬂﬂ'ﬂﬂ'ﬂﬂ”.ﬂ"ﬂﬂﬂwﬂ’..'ﬂ
MEAN 1,791 % LUle 179 11,0
o (1,12 MPBI)Y _ _ { 1598,PS1)
§T0, DEv, o002 W2 s 003 o 02¢€ o9
( .02 MPSI) {( 131,P81)

TR W R R Y g VR G TR G a9 OB me Gp R GR g g 00 G0 @ B0 W9 iy OB 9P 40 P 60 6D ap G0 90 50 50 TR 0B 9B G 0 o O @B B9 95 4B 46 T 4D 9 45 6 W W @
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TABLE 11-11

CNMPRESSIVE PROPERTIES [F PLX GRAPHITE

LA A A A AL T AL T2 T AP Y 2 A B R 2 2 0 ey s Y Y eyy

LT My, #USBe3d
1116 Nl AUBHe1]2
LOG DENSTITY 1,78

8PEC, D14,
SPEC, LENGTH
MGE/Max]

12,6 MM
35, 4 M

u--n—.-w--‘uoﬂuunu.----nnﬂn.u-wn*mqnnnn-u.nnnﬂn-nw-u-bwnnmnﬂnw

SPECIYEN ORIEwWTw |LOCae DENSTITY YUUNGS PFRMe FRACS COMBR,
NyMAER ATION  TION (MG/MaRZIMODYULUS ANENT  TykeE STRENGTH
(GPa) 8T  8TRaIN (MP4)

(PeTY (PeT)

uq.onuuw.....un-uu-nn'nn.nunﬂnﬂ-mnﬂmnﬂm‘w'nﬂuﬂnaumnn-m..q.hwnﬂ

1AC B ol Ax £EC 5,4 17V 2,030 45,0
E 8C ax EC 563 o191 1,980 44,9
EIOC AX EC 5,9 SITL 1,933 44,8
E12C ax EC 5.8 2151 1,93 4e,0
1BC EynaC Ay £C, 5,8 g 160 1,855 45414
BE1oaC Ax BEC 56 171 1,939 4% 4
E106C Ax FC 640 W61 1,709 43,2
E10RC AX EC 5,3 AT 2,008 43,9

A A A At d A A A L A A R L L L A I I T Rl Al Iy Y Y T T Y Y T Yy ]
ME AN 5,k 6B 1,924 4d,7

{ .81 MP3I) ( 6479,P51)
$Th, DEV, R 012,102 9

¢
(.03 MPgD) ( 130,P81)

LA A A A A I A A A A A A T T T Y YL SRR TT T P T Y T TY Tueyy POr Y gy e

12AL ﬁ bc Ax EC qoa .173 1.833 “0,@
A AC AX FC Uo7 W180 1,987 41,7
BloC AX EC beb 200 2,192 e, 3
B1aC Ay EC 4,8 215 24170 4,7
1eBC  B9pl Ay EC 540 0180 2,024 42,6
BQEC Ax &C 3.3 .380 lgab“ “158
B94C AX EC Sl 185 1,897 41,0
B96C AX EC 4,9 L180 1,850 41,0
tnuunﬂuwanmﬂuuﬂwwqm.wnnﬂ-ngn-ﬂnn.Qnunn.nnnwnmmw’tnﬂnﬁﬂnun-munmw-
ME AN 4,9 JUBT  1,9A0 41,7
( .71 MP8I) { 6UB0,PST)
81D, DEV, @ L0410 . 8
( 04 MPSI) ( 113,P31)

QU..-ﬂ“.ﬂ"ﬂ.ﬂ.QQ..P‘HQ'ﬂﬂﬂﬂﬂ.“.ﬂ‘”ﬂﬂ""ﬂ.ﬂ.ﬂb”'ﬂﬂ..”ﬂ“ﬂﬂﬂ...ﬂ-‘ﬂ‘m
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TABLE 11-11 (Continued)

CMPRESSTVE PROPERTIES DF Pux  — GRAPHITE

BEDENE OV PR IR AR R eI NP e PO P R@R

LOT NU, ALS=3 _ SPEC, NIa, 12,8 tiM

b NUe B8R4l e SPEC, LENGTH 25, MM
LUG NENSTITY 1,78 ME/Maw g

Y P R XY Xy Xy Ly Y reyY ey Ly oy ey Ly ook g XYY L X ]
SFPELIMEN NRTENTe | UCA= DENSITY YOUNGS PERMe FRAC=  CUMPR,
NitBER ATION  pLUN (MG/Mux3IMODYL Ys ANENT TURE STRENGTH
(GPA)Y 567 S8TRaIN (P A)
e e - . PLTY  (RLT)

[ X 22 L Y rrree ry L2y ryyLye ¥y iy ryxyyry Ry gy yy Ly i oy ryyYyy;]

LAC &t 38 RaL EC 97 151 1,385 5747
F 9K RAD £EC 5.8 151 1,941 44,8
F118 RAD LC 8e4 171 1, 8R8 41,0
Fa3H RAD EC Seb 181 2,080 46,7
18C E1138 RAD __ EC Bef._._ o181 1,792 T
E118§B QAL EC 4,8 181 2,0nU 42,8
F1108 RAD FC 5.2 101 1 BeU 40 8
E131R RAL  EC 5,2 181 1,982 41,5
.q.n.-.-'ugw.ﬂﬂﬂ!w--00---n.-.-n-[!-nuﬂﬂQ—Qn.:-.-nnnmchnnnbnwﬂﬂw'm
MEAN 5e4 21063 1,887 Y4
(_27R MPSI) ( 6126,P51)
aTh, DBV, 3 013 227 2.7
( .05 MPSI) ¢ 390,PSI)
LR R 22 2 2 2 2 Rt il il Al i eyl i Al s o F Y2 L2 2y P X XX 2 2 2 8 2 222 X5 %]
&AL B 38 RAD  EC ETY - 2185 1,795 g0
H 78 RAD £C 5e8 150 1,779 42,7
M1tk RAD EC 5.5 _ .1860 1,068 39,3
A21B RrAD tC Se7 180 1,819 41,4
1eBC Biygd RAD  EC - b3 150 1,515 4ne 3
B1igB kaAD £C 5.7 130 1,604 4V 4
B116H RAD  EC be2 L1869 1,393 38,3
B129R RAD  tC 9,7 180 1,578 38,7
nwﬂnmmun‘..r.mlwnnmﬁpﬂ.nﬂmuanqn-ﬂjﬂnngq.q!!-ﬂnmuumﬂw%nuunquopunm
ME AN 5o AR 2199 1,044 40,2
B e ) L GBa mpsIy ( 5R31,p81)
81D, DEV, o4 4018 180 tot
( .05 MFSI) { 207,PS8I)

LR L A A L LYY 2 LRy Yy rry sy irrelryyi sy YLy Xy X3 ]

11=75



LOMPRESSIVE PRUPERTTES UF PhX

TABLE 11-11

(T NG RDSeY

Lus Nilg

Luf DENSITY

L EE T L Y T L Ly e LY LY TP Y T LYY YRR Y YY)

SPFCIMER nRIEHTe o am DELSITY YUUNGS PFRMae fRpfe COMPR,
MUMBER ATIIN  TIOn (MhG/mex IMGDULUS ANEMT  TURE STREHGTH
(GPA)y gF T  QTRAIN (MPAY
- e e (PLY)  (PCT)
X R E R R F ey EYE L 3 XYY rEyryy L rrY sy yrryey 8 nyy rrrroyry Y ropyyoy-oyoy -]
14y  E3ING aX EM S8 181 2,144 4d, 7
E3ul AX Fm 5ol W17 1,925 4@ b
EUPC AX E 1o §,0 P01 1,TR0 40,1
Fual 4y B 4,8 p 181 1,730 59,7
1Ry BypeC A Ew - De4 L 171 24179 46,45
E11RC AX M 5,7 1T 2,04u 45,4
E126C AX M ) §,4 L1717 2,092 45,4
E13a4( AX E™ SR 2181 2,104 Ub, 8
LR 2 & X R F X N e .y E L g g ¥ Y rE ey sy yyra gy rryyys rL gy yryyy Fyy royyy - 5ry X 8y
ME AN ' 5.2 178 2,008 43,9
( 276 MpPSIY
S§TD, DEV, o3 LOL0 174 2.8
€ .08 MP8I)
LA A A L B L L. 2 Y 2R A Al A LR LAY LAl A XYL A 2 2 -2 0 2 2 2 X 2 % 1
12AY  AJGC aX p M 4,9 SIRO 2,140 43,9
B4l Ax B e3 211 1,883 38,4
Bupgl AX b 4,3 150 g 004 9,0
Bupl AX Em Holl 21200  1.8R7 393
12RY BI14C &X M ; Hob LU0 3,967 39,8
81180 AX E 4,5 W1B0O 1,481 38,R
BigeC Ay k™ 4y5_ €02 2,188 41,7
B13o0l AX Fm Gon 200 1,948 41,2
—w.-n'u'nnqnn.nw.nnwnunﬂﬂwnnwmﬂﬂﬂmegﬂwn‘ﬂ‘ﬂ'ﬂ'ﬂ.*nﬂ.w.n.p-.uw-wq
MEAL 4,5 190 1,983 40,7
- - oo U068 MPRT)
ST, DFV, o ? UY-4 , 122 1,9
( 03 MPS])

fURUmi1 2

t,TH mb/sm

11-76

SPEC, DIA,
SPEC, LEMNGTH
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TABLE 11-12

MEAN STRENGTH VALUES OF GRADE 2020 GRAPHITE
(LOG 6484-110)

(MPa)
Axial Radial
Slab 1] Slab 6 Slab 1 | Slab 6
Tensile
14.1 15.8 15.8 18.9
+1.9 +2.4 +1.4 +1.5
Flexural
25.0 27.4 25,2 27.2
+2.4 +0.9 +0.8 +0.8
Compressive
Slab 2 Slab 2
78.6 78.5
+3.1 +1.5
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MEAN 1,790 7ol IR+ 1 15,8 .
(1,03 MPST) (2288,P81)
§Th, DEV, sU09 o @ T o 030 ag4 .
{ <03 MPS1) ( 354,P31) .
..-"ﬂ."WO.Q....Q.ﬂDﬂ'.'.-.-.Dﬂ’-Q..-ﬂ.'."".""...Oﬂ.ﬂ"'ﬂﬂ..
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TABLE 11-13 (Continued)
TENSILE PRIPERTIES OF 2020  GRAPWITE

ﬂ'ﬂ'ﬂQQQHOQQ*QQ..."N"’-"”"_ﬂﬂﬂﬂﬂﬂﬂ..

LOT NiYg 728 SPEC, DLIA, f2,8 M
LOG Ny 6UBU=110D) SPEC, LENGTH Tu, "m
LUG DENSITY 1,803 ™MG/Mar) ; .

QQ'ﬂ.’”..‘.ﬂﬂQ-.QQ.'!.'ﬂﬂﬂ!.'.!ﬂ."ﬂ"!..ﬂ.‘ﬂﬂﬂQ.ﬂQ..ﬂQ..""'
SPECTMEN  NRIFNTe A= DENSTITY YOUNGS PFRMe  FRACe TEw8ILE
NIUMBER ATIuN  TION (KG/Mxx3IMOOULUE ANENT  TurE STRENGTH
(GPA) ST 8TRAIN (1PA)
- S (PCT)  (PLT)

B P A W G 6P PGB UB T P W OB AR TP IR U OB B BB TR TR OR O T 6D D @B 4B OP TR 9B OB W AP OB W UH A V0 OF TR 6B 0D W @ W @B AR TP W AR WO ORGP W OB O W W

bAm | 79  RAD M|, 1,798 T.0 2711 254 16,5
w LB% RAD M, 1793 T et sVi12 e 300 18,6
- 1,97 RAD ML 1,795 7.5 WUl4 284 18,0
bAwl 101 RAD ML 1,794 Te5 01 0 501 19,2
6hel 115 RAD Ml 1‘19.@_ 1.(: PUSE Qéﬁ!’, léaax
=119 RAQD Ml 1.797 7.5 2U1E W 874 17.5
oL133 nAD ML, 1,799 7,8 012 e 250 16,9
w137 RAD Ml 1796 Te8 o115 P71 1768
oAm |77 RAD ML 1843
LA} RAD ML 19,2
w LAy  RAD M, _ o 1_{5.3
bhw |98 RAD My fiql
m |99 RAD ML 18,8
el 104 RAD Ml 19,1
bB=l 113 RAD ML Bugd
w117 RAD M, 17,8
oHew| 121 RAD o 2144
=131 RAD M. £i,7
@, 135 HAD iy, 21,48
w140 RAD oy, 19,7

(LA AL LA LR Lt a2 Ry A i tAl 2 R X X A2 Ry LA X it 2yt g g 1
MEAN 1,796 Teb Vi e 7% 18,9

(1,10 MP3I) (2738%,P81)
310, LEV, 2002 ad _ L0014 s018 145

( 0@ MPSI) ( 214,P8])

LAY L LT R Y2 R Y2 X2yl XY R R AR R i XL Yy X iR X
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TABLE 11-14

FLEXURAL PROPERTIES UF 2020 GRAPHITE

MO RRE P RPR I DOV PPN RO Do P @

LUT tiuly 728 - SPEC, DIlA, b 4 MM
LUG WU, 64BU=]LQ SPEC, LENGTH 51, MM
LOG DENGITY 1,803 MG/Mawd -

L L LN L XY IR TR Y LR N Y Xy gy Fywy e L yg O F 3 3 Fryy gy Fyyy s rr g 28 Y FFy]

SPECIMEN pwltvl= (LCA= DENSITY MODULUS UF FLEXURAL

NUMBER AYEUN  TION (RG/M®&e3d) RUPTURE (MPA) STRENGLTH (MPA)
(UNCORRECTED)  (CURKECTED)

L Ty T e L L T e e L L L L e LT TS T T Ty Lyt

fa 24 ax END 34,3 25,7
20 4K £ Np 36,2 2ot
UA AKX END 34,9 €9, 8
so AX EwD 35,0 d6,0
6h AX END 35,7 g6,
Bt AR EnD 31,7 2u,7
104 AX END 3% .8 20,3
1M Ax EnND 34,5 €5, 4
12A AX Enp 13,% 12,5
1265 AX Enp 2242 19,1
1A AX END 33,9 28,6
14 AX END 27,3 €2, 3 x
1RA AX END 32.1 24,8
1Ah AX (MY 36,0 €6, 3
204 AX END 35,4 gogt
20n AX Ny 3100 d“.b »
228 AX EnD 3340 25,2
2aH ax END 34,2 25,7
30A AKX END 32,0 24,8
1A 3om Ax EnD 3%.2 25,3
324 ax END 32,0 24,8
328 AX END 38,4 26,9
i 304 AX EnD 32, 24,8
3uy AX END 33,9 €9,6
30 ax Enp 34,5 25,8
Ipb AX END 15,2 2o,
UOA AK EwD 31,4 24 h
4yb AX END 32q 3 84,9
426 AX END 32,2 24,9
4z2p AX END 33,0 €5,¢2
GUA AX END LYY ) 25,9
dyn A% END 32,9 85,2
“woh AX END 32.7 25,)
50t AX EMD 35,5 20,1
524 AX END 4,4 25, 8
528 Ax EnD 3%.8 _ é6,!
ShA A% END 0,7 26,%
Yol AX END 34,3 25,7
iy 58A AKX END 29,0 e, 3
386 AX END 3923 27,1
60A AKX EnD 39,3 €7,
06 AX _ _ ENU . 33,9 _ 29,0
PR RPN RPN TP PO PR PO RS T Y PPl NeR YR RSO IR EONRROE
_MBAN 33,2 MPaA 25,0 mpA
(4814, PSI) (3632, P81
10, DEv, 4o B MPA 2at MPA .

{ b2, PSI) ( 348, P51)

LA AL AL LAY L L Ad T YRR R L Ay LAYyl L L Ll Ll X N 2 2 0 2 X ]
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TABLE 11-14 (Continued)

PLEXURAL PHOPERTIES UF 2020  GRAPHITE

L XXX YRR Xy n gy i XLy 2 X 3 2 L8 X §

4 4

LUT Nu, 728 SPEC, DIA, .
1o MM

LUG WU, 64B84m110 SPFEC, LENGTH
LUG DENSITY 1,803 MG/Ma=3

i
5

-..--‘-'--.,..QOﬂﬂ.-.-ﬂ..'.-ﬂﬂﬂ.'.'...ﬁwﬂ.QD.“.Q...F-”W-.‘.HQQ

SPECIMEN (RIENT® LOCA= DENSITY MOBULUS UF FLEXURAL

NUMBER ATIUN  TION (KG/Me#3) RUPTURE (MPA) STHRENGTH (MPA)
(UNCURRECTEDR) (CURRECTED)

BRR R PP R R PRSP PRSP P RN EE NP RN R R RN NP PP RTVET RN R A RTRE P T

ia 7 RAD END 32,0 €59,6
9 RAD END 35,9 2754
13 RaAD END 35,0 27,0
15 Raup END 38,40 gb,e
19 Rab END 3u,8 26,7
33 Rap END - - . 33,8 £€6,5
35 RAw END 35,2 27,1
319 RAD END 35,3 €741
41 Rap END 35,0 €7,0
4% RAD END 33,8 Eby5H
118 59 RAD  END 39,3 e, 6
bl HAV END 38,4 28,4
65 RAD END 38,3 28,3
67 RAD EnD 33,2 g£é,2
71 RAD END 35,48 a7 4
85 RAD END 38,1 el,2
87 RAD END 19.6 28,7
91 RAD  END . - 34,7 26,9
9% ®AD END 36,8 eT,4
16 97 HRAD  END 39,5 28,7
XL AL LA A X R 2 T 0 L L AL LEY YA XXX 2 5 A 2 2 R 2 2 2 F R E L. LA 0 R L L X E 2 N 3 2 X 3 R X 3 %
MEAN 6,1 mMPA 27,4 MPA
(5235, PS1) (3975, P31)
810, ULEV, 2.3 MPA W9 MPA

( 329, PSI) ( 132, PSI)

L L LY Ly iy iy Yy by A LY Py R 0 b8 X X X R B R R 2 R L X2 X X 2 3 L 1 ]
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TABLE 11-14 (Continued)

FLEXURAL PROPERTIES UF 2020 GRAPHITE

LA LA A AL R A A ALY VT LIS AL LA Al Y L L2 L2 2 0

LUT U, T2R SPEC, DIA, 6,4 MN
LuG NU, 64BUmily $PEC, LENGTH 51, ##M
LUG DRENSITY 1,803 MG/Mwaw}d -

PR RCDRVO N DN PR PO RS T DO NN PrRRRR PR R PR PPN RO SR RO BER @D

SPECImMEN (RIENT= LUCA= DENSITY MODULUS UF FLEXUWAL

NUMBE % ATION  TION (K{/Mex3) RUPTURE (MPA) STRENGTH (MPA)
(UNCURRECTED) (CURRECTED)

XL LD L ELEYFY LI LAL LI R T A ST Yl Xl YTl LR 2 .2 .22

6A 664 AX ML 33,8 es,2
ton AX ML 37,0 26,1
oBA AKX ML 34,5 £€5,0
bBD AX My 32.2 gl b
J0A AX ML 15,8 25,8
Ton AX ML 34,0 2%, 8
Tuh AK (g 34,8 €55
Jut ax ML U3 25,3
Toh AX ML 31,7 g4, 4
Tab AX M 32,7 24,8
TeA AX mi. 34,5 25,4
784 &% My 35,1 - .
B2A AX ML 32,7 g4 ,A
820 AX My 34,8 25,3
BuA AX ML, 32,9 gl 8
6A  Kuyp AX ML, 34,7 25,5 ’
gehA ax ML 30,0 23,6
daby AX My 13,6 €9,1
924 Ax ML 1.8 el qu
92n A4x ML 29,2 23,2
QuA AXx ML 33,0 24,9
G4y A% ML 35,7 2h,h
b 984 AX ML 34,8 2%:5
9BH AX ML 3,2 25,4
100A AKX M 35,3 e5,7
100M AX ML 29,3 23,2
1odA AX ML 37,0 -y
1048 AX M 37.8 26,1
tubh AX ML 32,7 gl 8
106 AX ML 34,0 25,3
{uBA AX ML 32,6 eHe?
1oBt AX M 33,6 29,1
1144 AKX ML 3.7 2l }
11am aX My, 31,3 ed, e
6 11eA AX ML 38,6 26,4
1i1en AX My - 4igd - 26,8
1204 AKX ML Jde0 25,5
1208 AX ML, 16,9 26,1
1224 AX ML 34,0 €%, 3
122bh AX Mi, - 36,2 25,9
1284 AX Ml LIS 20,3
128y AKX . _ ML . 34,3 £5,3
LA AT L P LT R LA  F s Yl y L ULl Py T -2 L g 2 F 2 1 2 LA LR X 2 X 24
MEAN . - 34,2 MPA 25.2 MPA
(u9bu, P8I (365%%, P8I1)
8T, DRV, el MPa o8 MPa -

{ 353, P31) {115, P8I)

LA LA AL ELTERY Y LLLEYFELEY LELYET Y PR LY LA F T L R R d R Rl AL N LY N L R A ]
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TABLE 11-14 (Continued)
FLEXURAL PROPERTIES UF 2020  GRAPHITE

PEBBFP RPN RRP PP R PPN IO R PR e mEa

LuUT NO, 728 SPEC, DIA, b4 MM
LUG NU, 6484e1i0 SPEC, LENLTH B, MM
LUG DENSITY {,B03 MG/Ma#3

LA A A T A2 A XA L2 LA 22 Al el A Al T A A Al Al il LA B 2Rl Aol B 2 X .3 7

SPECIMEN  URIENT=s LyCAe DENSITY MUDULUS UF FLEXUKRAL

NUMPER ATIUN  TIUN (KG/Mex3) RUPTURE (MPA) STRENGTH (MPA)
(UNCURRECTED) (CURRECTED)

LA A AL RS A X A AL i A Al S R 2 R L 2 3 3 2 R QB R A S 0 AR 2.5 3 Y23 ARt il Al il lE g

6h 111 wAD ML, I8, 8 27,7
114 RAD ML 3a,6 27,9
117 RAU ML 39,5 27,9
119 wAD My, 39,7 27,9
123 RAD ML 40,6 28,1
137 RAL My 37,3 27,4
139 RAD ML, 35,¢ €b,yb
143 wab My, 33,2 £%,7
145 RAD ML 35,3 €b,6
149 RAD My, 37,0 e7,2
b 165 RAD Ml 34,8 bl
165 RAD  ML_ - 40,6 28,1
169 RAV ML 5743 27,3
171 RAD ML 36,9 £7,2
175 RAD ML 39,0 €045
189 RAD ML, 36,1 £6,9
191 RAD ML 36,7 749
195 RAR . My . — — 39,8 . - 27,9
bb 197 RAD Ml 37,06 €74
201 RAD ML, 31,6 €5,
PRSP PR PERRPR PSR PR P el Pt Pl Yo prere i ePaRreee P oo rronRe N
MEAN 37,3 MPA 27,2 MPA

(ba0d, PSI) (39389, P81)

870, DEV, 2.5 MPA LB MPA
{ 367, P8I ( 12¢, PRI

L X 2 3 A R & %2 X B ¥R oy N 3 3 X X ¥F R R R B B A B -F ¥R B N OB OB N BB R L E-FR N L-E-E K X ¥ FELYELJJFXEXZEXNXEZSTZEJX]

11=91



TABLE 11-15

COMPRESSIVE PROPERTIES OF 2920  GRAPHITE

LA A A LA 2 DYy LY sl LYY P L2 X Y ey 3P ry T yey)

LOT N, 728 SPEC, DIA, 18,8 MM
LO0G NU, h4BU=1l0 8PeC, LENGTH 25, MM
LOG DENSITY 1,803 MG/Mend

e ar e PeSE Rt N eN PR PR Ro e teS PP %R e R e P oSO BRanssaDe R
SPECIMEN NRTIENT= LOCa= DENSITY YOUNGS PERMe FRAC= CLIMER,
NUMBER ATION  TION (MG/Mea3)MODULUS ANENT  TURE STRENGTH
(GPa) SET 8TRAIN (MP4)
(PCTY (®c™)

D B W W W R R Gy W W W BB R o g OF OB OR W 5 W0 S e R R ap 0D D 6 9 9 R T 1 49 o 9B UD 5T O W WY 4B WD BN 9 5

2a Lo2C aX END 92 050 1,621 76,3
Li2C aX END 10,1 L0860 1,800 76,3
g8 L32C ax END 10,6 060 1,847 78,7
Lupl AX EMD 10a1 $070 24084 83,0
nu-.n.pwnug.up.ﬂﬂﬂyﬂ"nﬂ.-qgﬂ.'nﬂﬂ”ﬂ‘ﬂ'..p’ﬂ'ﬂ.ﬁqnﬂﬂﬂﬂﬂ.nﬂnﬂu'--ﬂ
ME AN 10,0 W U060 1,838 78,6
(1.,4% Mp8I) (11396,pP51)
870, DEv, o b W 0UB 0191 3,1
€ ,09 mPSI) ( 455,P81)
LA A2 A A A A 2 222 P iR 22l Y I R RERRYYYLLY IR Y B YRR YOYYY
A L0018 RAD END 10,2 060 1,819 77:4
L19B RAD END 8,6 o070 1,969 78,8
2B L3yd RAD END 10,8 080 1,002 772
LSSB RAD END 10,8 D70 1,822 80,5
LA AL EA Y LTI YAl Tl I 23 Y2 P2 2 A 2 12T 111 YY) it rYrYYr Y YY1 Y
ME AN 9,9 J062 1,828 78,%
(1,44 Mp8I) (11383,p81)
810, DEV, 9 o010 el 1.5
( 13 Mp8I) { 22%,p81

LA L A AL A LS A LA I i A2 TR 2T Ll ]y IRy Y Ty Y ey e
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TABLE 11-16

THERMAL CONDUCTIVITY OF 2020 GRAPHITE

LA AL T L A A A A LI L2 2T T Y L I i AT R Yy vry)

LOT NUMBERg == LOG NUMBER: 6484«110

ORTEN= LOCA= SPECIMEN THERMAL CONDUCTIVITY (W/M=K) AT

TATION TION NUMBER
298K 473K 673K 873K 1073k

(22C) (200C) (400C) (600C) (8B00C)

AXIAL MLE 6=L.88A 61,3 68,2 52,3 42,4 39,4
bel 888 69,4 61,0 5{,7 43,3 37,9
6=l 88 59,2 66,5 56,3 49,8 43,8
6=l 880 60,9 61,4 55,4 43,8 41,5
6= BBE 59,7 60,6 49,4 40,9 38,2
6=l B8F 61,2 65,9 S6,0 48,3 45,3
6=l 88F 66,0 64,2 55,4 48,0 41,0
6=l 88H h2,6 65,5 52,9 45,1 39,6
.M"..nﬂ'”".ﬂﬂ..”ﬂﬁﬂ"-ﬂﬂ'ﬂﬂ"ﬂﬂ‘"ﬂmwﬂﬂﬂﬂﬂﬂ
ME AN § 63,0 63,7 53,7 45,2 40,8

$1D, DEVs 3.5 2,4 2e5 3.2 €ab

LA A A AL LA I AR A A L Al A I A T T T Y Y Y I IRl Y2 2 Py ey YTy
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TABLE 11-17

PATIGUFE TESTS ON PeX GRAPHITE

AR RRGRBArsnleERRaRSeoRtBeeRBERW

LUl NUE ew LUGB NUg &484e74d
P RTENTATIONG RADTAL LUCATINNE END=UNE THIWKD RADIUS

SThEgd =aTlu, R (MIN, STRESS / MAX, STRESS)E =i,0

LA A R A AL FES ELELLEY L PRI LAY YL LIy L LY R Py iy ryy L e g 2y Yyl
SFECImE ¢ nive  UENSITY MAKS MINg CYCLES TO FAILURE
("6/Y2n3) STRESS STHESS
("Pa) (MP4)

LA A A L L AL ERL LA LE Y ES L ELEXYLLLLLELEELEYFEY LY LYY L R XYL Y]

9 1,759 Ge0  ®heb  D143100 (RUNDUT)

570 le758 5,0 «G.6 PL142Vy (RUNUUT)
47A leZ8} Se0 25,6 21ue200 (RUNLUT)
41n la764 S,6 w9, 6 110300 (RUNLILIT)
35¢ le7al 5,8 nS.6 2109800 (RUNOUT)
290 14758 5,6 5,6  >10660C (RUNOUT) ’
ist 1,787 Be6 85,6 2123600 (HUNLUT)
214 1o 700 8,0 w6 PLUTEUL (RUNLIJT)
30 Le764 5,6 9,6 2IS5SABVY (RUNUUT) ]
e 3C Vo773 5,6 *5,6 21uB400 (RUNUUT)
L 1768 6,8 "o, 8 130y
51C le78v b8 wh o8 278ua
454 leTow hed mh o 8 2127390 (RUNDYT)
iln 1,758 0,8 wp, 8 21vy
31C 14760 0,8 wb, 8 49uy
2s5v 1s7614 6,8 w0, 8 »1322ve (RUNLIUT)
154 lelod - W DUV (RUNUUT)
s5C 14768 n,d wty, 8 1085800 (RUNOYT)
LFL 1770 58 L 450
51(‘ l,”d Q'H ﬂ".n b7“l:
114 lel0b A 0 w8, 0 32
Sl ls78¢0 R el 0 43up
-1 1708 By w8, 0 B0
4o 1,787 Byl wd, 0 IDLY:
3/a 1765 LYY @l 0 A8%1e
518 1o P04 By mf, 0 Tou
25C le?h2 B,u all, 0 2987
19D 1e7086 A0 w8, 0 1362
bAoA AdeTnk Bl wha LY
51¢ 1,778 8,1 wll, Tea
S9a 1;755 8.6 .5pa 4
150 le76% 8.8 w8y B < i (FIRST CYCLE)
24 1,758 8,8 »8 .8 140
47¢ 1,784 8.8 w8, 8 78
254 1a7061 A,8 all o8 35
410 1,759 H,8 wed o 8 be
31A Ll 7 8,8 wi B 19 .
19C 1eT01 B,8 wdl 8 < { (FIRST CYCLLE)
e/ 1.707 8,9 w8, 9 tu
S 38 1771 B9 o, 9 42

REBBLRBBP P ol RRdseRsneeR Bl sl dattpaesRaPosessuleR BB n
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TABLE 11-18

EATIGUR TESTS nn PhX GRAPHTTE

LR L AL AL LA LYY 2 ey s s At LY X 2T 1]

LNT NOE =w LG NiI2 648474
NRIFNTATTINING AY LNCATINNE FNDanrF THTED &ADTUS

CONTROL TENSTIF TESTS

SPECTMFN MO, DENSTTY nTa, FRACTURE TENSTLE STRENGTH
(MG/Ma%T) £raney LNAD (uN3 (¥ea)y
LA L A A L LA A AL AN EL LALAL LY PV T ¥y FE y g g g Ry Yoy P JUaprpngneg g guguapegreg
24 1,7%9 12,71 . A8 b9
4R 1,768 12,70 1,01 7,9
s 1,762 12,70 T 7.5
10A 1,733 12,70 096 7.5
12R 1,750 ';;7n 90 !
14¢€ 1,701 12,70 e 93 7o
1AA 1,727 12,79 o OR 7.7
POR 1,725 12,70 293 7.3
rac 1,762 10,714 1.06 R,
264 1,789 12.71 o A7 hoH
P8R 1,763 12,71 1,01 7.9
ne 1.750 12,71 290 7ot
344 1,747 12,71 2 9R 7.7
16R 1.760 12,71 101 7.9
386 1.7k 12,71 1401 7.9
42 176" t2.71 1,08 8,5
nuR ta7ht te. 714 $aidd A1
460 1,763 12,71 .96 7.5
504 1,765 12,70 1,06 A,
52R 1,761 12,71 1,01 7.9
540 1,760 12,70 90 ot
584 te 752 12,760 1e01 7.9
A0R 1.9%8 12,70 .08 7.7
62 1,762 12,70 96 7.5
YY) 1,754 12,70 1401 7.9
68R 1,761 12,70 «93 7.3
796 t,761 12,70 « 98 7.7
TUA 1,749 12,70 - 7.5
768 1,755 12,70 .93 7.3
T8¢ 1,762 12,70 <96 7.5
A2A 1,748 12.760 $o01 7.9
R4R 1,747 12,70 1,01 7,9
BAC 1.763 12,69 « BB T
904 1.768 12,69 .85 6.8
...ﬂ--...----~--Q-......---..0‘-ﬁ-'ﬂ'Q...'ﬂ...-'.-'."‘ﬂﬂ’.'
MEANS 1,759 MEANE Tl MPA
(1108,p87)
8Th, DFve 035 StTh, PEvVs o4 MPA

¢ 63.,P8I

N P R e A G R AR ER ap e O B S TR D 00 on ) U R TR B AR G G O U G WY D S P a0 B0 OB WP Y 05 00 40 69 op i 4D D B0 40 6D 0N O 05 00 W 6P @
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TABLE 11-19

FATIGUEF TEQT] nn PRX GCRAPHITF
q.ﬂﬂn".un-ﬂ-O'C.Wp..-ﬂwﬂ-.u-w'-

L7 Mg we L OG MNite HURU=TH

OARTErTATIUNE AYX LOCATINME ENPeNNE THIRD RADTUS

STRESS wATTN, R (TN, STRFSS / MAX, STRF8S): .0

SPFEIMEN (YN FRENSTTY NAX: MIN' CYCLFS TN FATLURF
(ME/Mealy AToRgs  aTRESRS
(MBAS rMPAY

4pn 1,765 5,1 .0 2122800 (RUNMUT)
fen 1,761 Bt .0 Y10RR0UO (RUINUTY
by 1,764 Bot ol 2111000 (RUNDUT)Y
528 1764 5,4 .0 114700 (RUNNNTY
3oc 1.76¢2 g 1 .0 2159240 ¢RUNUTY
Sar 1. 764 8.1 Y 2114400 ¢RUNOITY
ur te76¢ g, o 0 2120300 (RUNSOTY
70R 1.76¢ LPR | 0 104800 ¢RINOUTY
Rar 1,759 Bt .0 121900 (RUNNUT)
TRA 1,764 €, o N 104400 fRUMOLTY
IAK 1,788 5,0 NG >
nt 1,765 5,0 L0 647 ’
4ph 1.760 &,0 .0 2108800 (2UNNITY
sar 1.763 5,9 N 105
724 1.76% 5,0 0 1100n
108 1,745 5. Q o0 RP> v
1 X1y 1,766 5,9 o0 2117100 (RUINYTY
LEL] 1,767 5,9 o 0 e
204 1,7h2 L) oY g7
Q0R te769 5,0 o 0 575
LY 170% Se@ o 0 < t (FIRST CYCLEDY
4na i o768 Ao o1 1000
aBr te7hi 6.3 W0 656
10A 1764 hotd o0 12224
144 A hod o I 4%
S8R 1764 Aol 20 79
L) 1.759 hot o0 1998
hRA 1,763 he% o0 418
ARHR 1799 e o0 977
74r 1763 fe% ) 642
2nr 1.758 b, o 0 18672
PER 12759 b o0 < T (FIRST CYCLE)D
ARE 1,771 ba? o0 49
ROR 1,764 b, 7 o0 14
AHA 12767 foT o 0 13
3h4 1,755 t,7 L0 !
ar. 1.75%7 6,7 o0 ?
PHR 1.764 bo7 o0 A
160 1,755 L4 o 0 ¢ ¥ (FIRST CYCLED
Ap §.748 b7 .0 < 1 (FIRST PYCLFD
4R 1,766 6,7 <0 %
624 1,764 bho? o0 120
304 1.765 b9 o0 < t (FIRST CVCLE)D
48n 1,768 Tol o0 < 1 (FIRST CYCLF)Y
T6r 1,76% 7ot o0 < 1 (FIRST CYCLF) .
tor 1,749 Tet s 0 < 1 (FIRST CYCLE)
sa4r 1,765 7.8 L0 15
4A 1,764 7,9 o f < 1 (FIRST CYOLE)

TR A R G o o G T5 AR OD W OB O R N G0 N G R A R G0 S TR op S5 OF U0 BF R €0 £ 4 0 O mm Wb 6B OB 0 BN OB RN 4 5 09 Mo W wr
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TABLE 11-20
FLUENCE, TEMPERATURE, AND STRESS DATA FOR FTE-3, -4, -5, AND -6 AT EOL
Axial Stress Hoop Stress
. Temperature (K) (MPa) (MPa)
Axial 25 2 @) | g, (@ @ | 5ar(@) |y (@) | oen(@ ] 2ea(@)
Element | Position Fluence (10" n/m™) 10 297 20 297 20 288 359

FTE-3 5 0.428 991 1189 6.6 -3.2 6.1 -3.6 8.8

15 0.547 1181 1395 11.4 -6.5 8.3 -4.8 11.9

25 0.352 1159 1280 5.2 -2.9 o1 -2.4 5.9
FTE-4 7 1.625 1040 1274 15.1 -8.2 |11.0 -6.4 15.8

13 1.9 1175 1423 15.7 -9.6 110.2 -5.9 14.8

23 1.587 1249 1457 12.6 -7 .6 8.6 -5.0 12.5
FTE-5 5 2.756 831 961 8.4 -3.7 6.1 -3.5 8.8

15 3,705 838 1079 10.1 -6.1 4,2 -2.4 6.2

25 2,77 1009 1133 9.7 -5.5 | 5.3 -2.4 7.7
FTE~6 5 2.08 877 1182 14.0 -7.2 {10.0 -5.7 14.3

15 2.83 1179 1393 13.3 -8.3 | 7.6 =44 11.0

25 2,21 1056 1505 11.9 -7.3 7.7 -4.5 11.2

(a)

Finite element number (see Fig. 11-4).
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COMPARISON OF ANALYTICAL

TABLE 11-21
AND EXPERIMENTAL RESULTS FOR STRIP CUTTING AND RING CUTTING EXPERIMENTS

Change of Diameter
During Irradiation,

Change of Diameter
After Cutting,

Change of Groove
Distance After

Bow of Strip 1,

Bow of Strip 2,

AB/D (%) AD1/Dq (%) Cutting, AG/G (%) By (mm) B, (mm)
Element | Position | Analysis | Experiment | Analysis | Experiment | Analysis | Experiment | Analysis | Experiment | Analysis | Experiment

3 5 -0.038 ~0,04 -0.145 -0.05 ~1.26 -0.929 -~ - - -
15 ~-0.096 -0.04 - - — - 1.61 0.28 2.15 0.88
25 -0.058 0 -0.085 ~0.036 -0.8 -0.78 — - - -

4 7 -0.197 ~0.09 -0.055 -0.102 -0,7 -1.31 - - -— -
13 -0.304 -0.217 - - — —~ 2.49 -0.22 2.9 0.51
23 -0.30 ~0.188 -0.066 -0.069 ~0.74 -1.21 ~— - e -

5 5 - - - - - - —— - - ——
15 — - - - - — 1.79 -2.54 2,16 -0.74
25 — - - - - - 1.48 0.06 1.85 0.35

6 5 - - - - - - 1.69 0.22 2,54 0.76
15 - - - - -— - 2.43 ~-1.24 2.76 0.39
23 - -— - - - -— 2.26 -0.82 2,62 0.22
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