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ABSTRACT

This publication continues the quarterly report series on the HTGR
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 HTIGR 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.
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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 MECHANTISMS
18%9a NO. 00549

TASK 100: FISSION PRODUCT TRANSPORT

Subtask 140: Diffusion of Fission Product Metals in Graphite

Diffusion of Cesium in Graphite

Introduction and Summary. The work reported here concludes the

reporting on a study of cesium transport through H-451 graphite using a
permeation method. This study was discontinued in September 1976 due to
lack of funds. The main purpose of this study was to reduce the uncer-—
tainty of data relating to cesium diffusivity in graphite. The AIPA study
(Ref. 4-1) found that uncertainty in cesium diffusivity in graphite was the

largest contributor to the uncertainty in cesium release predictions.

The work reported here covers mainly the analysis of an in-pile exper-
iment conducted under conditions which permitted close comparison with out-
of~pile results., The analysis shows that much less cesium left the source
under irradiation that would have out-of-pile and that much more of what
left the source was stopped in the H~451 graphite sleeve, with the result
that the amount reaching the sink was drastically reduced. These results
can be best understood in terms of other (out-of-pile) findings of this
study showing that the presence and level of oxidizing impurities is a
primary determinant of the rate at which cesium permeates through graphite.
Presumably, these impurities displace the cesium from highly active
adsorption centers (traps) on the surface and permit it to diffuse rapidly
over the less active surface of pores and defects. Under irradiation con-
ditions many such centers are formed which in the absence of impurities are
very effective in immobilizing the cesium. Thus permeation under in-pile

conditions was found to be 100 times slower than in the laboratory when air
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is carefully excluded and at least 1000 times slower than when oxidizing

impurities are present in minute amounts.

The work reported here also includes an extended experiment on highly

sorptive char~loaded graphite.

In-Pile (Capsule) Experiment. One purpose of out-of-pile experiments,

the results of which are described in previous quarterly reports (Refs. 4-2
through 4~5) was to provide a basis for meaningful in-pile experiments and
their evaluation. An opportunity presented itself to prepare a capsule
sample just at the time when the need for the "sterile" technique* was
recognized but the equipment to implement it was not yet perfected. An
experiment was therefore designed as best as possible. The capsule design
permitted the "'sterile' irradiation of a diffusion experiment comparable to
a standard (out-of-pile) experiment; however, dissassembly of the capsule
required exposure to air, which continued during the time allowed for the
decay of radioactive impurities. The sleeve and the source used in the
capsule were then characterized in standard sterile experiments. Experi-
mental details, results of the capsule experiments, and interpretation of

the results are presented below.

The basic method (which was described earlier in Refs. 4-3 and 4-4)
uses highly sorptive, char-loaded graphite as the source and sink in meas-
uring the transport of cesium across a barrier sleeve of the graphite to be
studied. The capsule (in-pile) experiment was partially described in Ref.

4-63 an expanded description is presented below.

A standard diffusion assembly consisting of a source, sleeve and
plugs, and sink and caps was placed in a tightly fitting spacer cylinder
which in turn fitted into a crucible closed with screw caps at both ends.
The crucible in turn fitted tightly into a niobium can fitted with a cover

to which originally a thin niobium tube was attached.

*#A "gterile" technique was developed for protecting the diffusion
assembly from air or moisture during experiments after an initial bake~out
(see Ref., 4-2),
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In preparing for the capsule experiment, a reasonably well~-
characterized source/sleeve combination was chosen and subjected to a
standard 2-hour permeation experiment in a quartz tube which contained also
another sink and caps and the remaining capsule parts. It should be remem—
bered that this was before introduction of the "sterile" technique so that
the samples were prepared in air but degassed and annealed in 8% hydrogen
in helium, The quartz tube was however opened within a glove-bag flushed
several times with the 87 hydrogen in helium mixture, The sink was removed
and replaced by the clean one which was placed in the spacer, crucible, and
niobium can. At this point the tube of the niobium cover broke off

(because of hydrogen embrittlement).

The can with the crucible was placed in a double plastic bag; the
inner bag was sealed with adhesive tape adapted for remote opening; and the
glove~-bag was opened. A new niobium tube was welded to the 1id. The can,
with one plastic bag, was then placed in a welding jar. After purging and
refilling with inert gas, the plastic bag was removed. The 1lid was placed

in the can opening and welded on. The tube was then welded shut.

The can was then placed in the quartz tube under a stream of 87 Hz,
the end of the niobium tube was snipped off, and the quartz tube was closed
and evacuated promptly. The quartz tube was then purged twice with 87 H2
at room temperature, purged at 500°C, promptly heated to 860°C, purged
twice (which took about 6 minutes), and ccoled in air until it reached room
temperature. It was then opened again in a glove bag. The can was placed
in an aluminum holder and the niobium tube was closed with a rubber stop-
per. The whole was enclosed in a plastic bag, removed from the glove bag,
and placed in the welding jar. After repeated purging, the plastic bag and
the rubber stopper were removed and the niobium tube was sealed off at the
base. The sealed can was tested for vacuum tightness on a helium leak
detector. Thus, the assembly can be assumed to have entered the irradi-
ation test relatively free of impurities and with a negligible amount of

cesium in the sink.
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The diffusion assembly was exposed in capsule HB-2 to a design fluence
25 2
of 4,6 x 107 n/m~ (E > 29 fJ)HTGR

irradiation temperatures, calculated on the basis of design data and actual

during 104 days of irradiation. The

control rod positions, varied from 913 to 1123 K. The irradiation condi-
tions were equivalent to 49.4 days at 1138 K (if the activation energy for
the transport is taken as 140 kJ/mol (33 kcal/mol) on the basis of the data

given in Ref. 4-3).

Remote dissasembly (in the hot cell) after irradiation was not simple
and had to be done in air. 1In the process, one of the screw caps of the
outer crucible was lost and some contamination may have been picked up.

The graphite parts were removed from the hot cell, disassembled in air,
placed in polyethylene vials, and counted. A number of impurities were
found, increasing in concentration outwardly from the source, which made
determination of the cesium imprecise, The parts were then kept in the
vials for 4.5 months, during which time most of the impurities decayed suf-
ficiently to permit proper estimation of the cesium content., It can be
noted that the activity of the cesium increased considerably during irradi-

ation as some of the Cs-133 carrier present became activated.

At this point the source was characterized by using it in a series of
standard diffusion experiments with a previously characterized sleeve. The
source was not baked out prior to the first experiment, the purpose of
which was also to remove any oxidizing impurities. The '"sterile" technique
was used from this point on. The sleeve was in turn characterized by first
subjecting it to two anneals with sinks, but without a source, to remove
the surface-adsorbed cesium and then to two standard transport experiments
using a previously characterized source. Again '"sterile" handling was

applied after the first anneal.

After extensive exposure to air, the source was paired with the sleeve
used in the experiments of Table 4-3 of Ref. 4-2, That sleeve showed an

-12 2 . . .
! m /s in the earlier experiments and took

average permeability of 2 x 10
up 1.3% of the activity of the source. In the present experiment with the

previously irradiated source it gave surprisingly similar results, taking
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up 1.3% of the source activity and showing a permeability of 2.1 x 10_8

mz/s. Thus, in this experiment the source behaved as if it had not been

irradiated.

The irradiated sleeve, after having been freed of surface-sorbed
cesium from the high=activity source, was paired with the source from the
experiment of Table 4-3 of Ref. 4~2 and showed a permeability of 5.6 x
10—12 mz/s, which is reasonably close to that of 3.6 x 10"12 m2/s showed
prior to irradiation. Thus, again the sleeve seemed to behave as if it

were quite unaffected by irradiation.

The results of the in-pile experiment are given in Table 4-1. After
irradiation 94.2% of the cesium accounted for was in the source, 4.07% in
the sleeve and plugs, 1.2% in the sink, 0.47 in the caps, and some 0.27 in
the spacer and crucible. If the permeation coefficient of the sleeve is
computed in the standard manner for the 49.4 day equivalent period on the
basis of the sink content, the permeation coefficient is found to be 3.1 x

10-14 m2/s. The original permeability of the sleeve on the basis of two

non-sterile anneals of 6 and 16 hours duration is 3.6 x 10-.12 m2/s, i.e.,
about 100 times higher. If this difference were to be accounted for on the
basis of a temperature error, the equivalent capsule temperature would have
to be 590°C instead of 865°C, i.e., some 275°C lower, which seems highly

unlikely.

One other observation shows that the transport during irradiation was
not normal by out-of~pile standards. After irradiation the sleeve con-
tained 3.857 of the source activity. Before irradiation the sleeve content
was close to 0.7% of the source. Thus, although the sleeve accumulated 5.5
times more cesium during irradiation than expected, it allowed 100 times

less to pass through it.

In out-of~pile experiments after a very short lag time, practically

all the cesium leaving the source permeates through the sleeve and is found
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TABLE 4-1
RESULTS OF CESIUM PERMEATION TESTS

9-%

Source Sleeve , .
Sink Permeation
Activity Activity | Activity | Coefficient
Experiment Ident, (uci) Ident. (uci) (uci) (x 10-12 n2/s) Comments
Preirradiation A 74.5 C 0.788 (a) 3.6 Avg., of several experiments at 1138 K
In-pile (irradi- A 1330 C 51.2 16.4 0.031 Activity (uCi) on other components
ation) was 5.68 on plugs, 5.43 on cap,
0.76 on spacer, 5.86 on crucible,
and 1,98 on crucible cap
Previous out-of- B 59,6 D 0.73 (a) 2.3 Avg. of earlier experiments
pile experiments at 1138 K using source B and
sleeve D (Ref. 4-2)
Postirradiation(b) A 1290 D 17.3 3,81 6 h at 1138K
A 1250 D 18.3 5.28 2.1 6 h at 1138K
None C (c) 6,01 5 h at 1138K
None C 41.2 0.860 6 h at 1138K
61.0 C 41.8 0.636 6 h at 1138K
60.1 C 41,4 0.679 5.6 6 h at 1138K
(a)

Several different sinks were used.

(b)The gamma counting for the postirradiation tests was done on different equipment and corrected to be
consistent with the preirradiation and capsule tests,

(c)

Not measured after test.
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in the sink. This was not the case in the capsule experiment. To appreci-
ate the significance of this difference, a fictitious permeation coef-

ficient can be computed on the assumption that the cesium which was held up
by the sleeve can be included in the amount permeating. This gives a value
some 3.5 times larger than actually found, but still 30 times smaller than

expected from out-of-pile data.

Thus, the experiments show that after irradiation, both the source and
the sleeve behaved quite normally. Yet during irradiation the sleeve
absorbed most of the cesium, rather than letting it permeate through
readily as happened under out-of-pile conditions. Also, during irradiation

the source released very much less cesium than it would have out-of-pile.

To account for these somewhat paradoxical results, as well as for
those previously obtained, the following model is proposed. Cesium is pre-
sent in the graphite in two principal forms: (1) absorbed within the
graphite crystallites where its motion is very slow and it has a high acti-
vation energy, and (2) adsorbed on the surface at sites of varying energy.
Surface—adsorbed cesium can diffuse at a rate which depends on the energy
with which it is adsorbed, jumping readily between low energy sites but
lingering for a long time at the high energy sites. This surface adsorbed
cesium can be removed rather readily (e.g., by exposure to a sink for 2
hours at 1140 K), whereas the absorbed cesium is practically unaffected by

such a treatment.

There is competition for the high energy sites between cesium and oxi-
dizing impurities, with the latter generally winning. Thus in the presence
of such impurities, the surface transport (i.e., permeation) is much
faster, and reproducible results are obtained only when such impurities are

carefully controlled as in the "sterile'" technique.

One of the effects of fast neutron irradiation is the formation of
surface defects that provide high~energy adsorption sites which, in the
absence of impurities, are very effective in immobilizing cesium. Exposure

to air following capsule opening permits the access of impurities which
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displace the cesium and thus restore its original mobility. The implica-
tion is that the impurities either continue to occupy the most active sites
or destroy them so that these are no longer available to the cesium even
under "sterile" conditions. Thus it is possible for the components of the
diffusion assembly to act essentially unchanged after irradiation and
exposure to air, whereas under irradiation the transport of cesium is

drastically reduced.

The model alsc accounts for the very fast permeation and "burst
effects" found in the presence of oxidizing impurities and for the repro-
ducibility obtained by controlling impurities by the "sterile" technique

(see Ref. 4-2).

Permeation Experiments Using Char~Loaded Graphite. Char-~loaded

graphite of high sorptivity was used exclusively as source and sink mate-
rial in a series of cesium permeation experiments. The experimental
arrangement, described in Ref. 4~3, was the opposite of the usual omne in
that the sink was a small rod as normally used for the source and the
source was a large hollow cylinder as normally used for the sink. Both
were of char~loaded graphite. Between the sink and source there was a
sleeve and plugs of char-loaded graphite whose permeability was being meas-
ured. This arrangement provided a large supply of cesium to compensate for
the greater sorptivity and retentive power of the char—loaded sleeve as
compared with a plain graphite sleeve. The whole assembly was enclosed in
a niobium crucible having a slip~over cover with small clearances to permit
degassing and yet reduce cesium loses. The "sterile" technique was used in

handling the samples.

As reported earlier (Ref. 4-3), three consecutive anneals giving sub~
stantially constant permeation were obtained after 7 days of annealing at
1338 K. The experiments were, however, continued with the unexpected
result that the permeation rate continued to increase, reaching an appar-
ently steady rate twice as high between 18 and 24 days of annealing. This

is shown in Fig. 4~1, where the originally veported steady state is shown
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Fig. 1. Time dependence of cumulative permeation of cesium
in char-loaded graphite
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as a dotted line, It must be noted, however, that in these last experi-
ments of 3 days duration, the small sinks were reaching 307 of the
equilibrium value, and this must have slowed down the permeation. This
also distorted the loading rate of the sleeve, As time did not permit con-
ducting a series of shorter anneals to obtain more interpretable results,
the only conclusion that can be drawn is that char-loaded graphite reaches
steady state at a very slow rate but that its permeability finally becomes
at least as high and probably appreciably higher than that of H-451
graphite.

TASK 200: FISSION PRODUCT TRANSPORT CODES

Subtask 220: Code Validation

Status Report on Fission Product Code Validation

The accuracy of predictions provided by the fission product transport
codes RANDI, TRAFIC (FIPERQ), and PAD is being quantified via comparison of
calculated and measured in-pile fission product behavior. This validation
effort is being performed to ensure that GA fission product design codes
meet appropriate federal regulations requiring verification of design
methods. Acceptable agreements between measurements and predictions have
been found for each validation test performed to date. The results for

each code are summarized as follows:

1 RANDI (used to predict radionuclide inventories within the pri-
mary circuit): Although this code has yet to be submitted for
verification, the basic transport assumptions relating to fission
gas release are being checked using the SURVEY analysis of Fort
St. Vrain rise to 187 power. A need in this work is to verify
and quantify the gas phase diffusion effect (see Ref. 4-2, p.
4-19),

2, TRAFIC (FIPERQ) (used to predict fission metal release from fuel
elements): Results from the GA~CEA SSL-1 loop test showed that
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measured nominal cesium release was within 257 of that observed.
The large uncertainty (40x) accompanying the predicted release
resulted principally from uncertainties in the reference input
data. It appears that release from particles was overpredicted
and diffusion through fuel element graphite was underpredicted.

(A topical report covering this work is in review.)

Preliminary cesium release comparisons for the GA-CEA CPL-2/1
test showed that release was overpredicted by a factor of three

(see Ref. 4~6). This work is continuing.

3. PAD (used to predict condensable fission product plateout distri-
bution in the primary circuit): Comparison of the fission pro-
duct distribution measured during Peach Bottom primary circuit
gamma scanning and the distribution calculated using the PAD code

showed good agreement.

PAD code calculations for the CPL-2/1 test provided acceptable
fits of the observed plateout profiles in the heat exchanger (see
Ref. 4-6). This work is on-going.

TASK 300: FISSION PRODUCT DATA ANALYSIS

Review of Release Rate Coefficient Data for Use in Core Heatup Analysis

Introduction and Summary

Release rate coefficient data are required to determine the release of
radionuclides from the HIGR core during core heatup. The coefficients are
used in the SORS code (Ref. 4-7). The reference release rate coefficient
data (i.e., the data currently used in SORS calculations) are represented
by the curves in Figs. 4-2 and 4~3. These figures were taken from Ref.

4-8,*% The release rate coefficient data were derived from fractional

*Sets of the release rate coefficient curves are also given in Figs.
4-6 and 4~7 of Ref. 4-9, and it should be noted that curve 2 and the ordi~-
nate scale of Fig. 4-7 were incorrectly drawn.
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release rate data. References for the fractional release rate data used

are given in Table 4-5 of Ref. 4-9, This table provides uncertainties for
the release rate coefficient data in the form of standard deviation factors.
Note that the curves designated 10 BISO and 10 TRISO in Fig. 4-3 are applied
to reference particles with failed coatings (i.e., curve 10 BISO is applied
to failed fertile particles with BISO coatings and ThO2 kernels and curve

10 TRISO is applied to failed fissile particles with TRISO coatings and

dense UC, kernels). The other curves of Fig. 4-3 are applied to both failed

2
fertile and failed fissile particles.

The reference release rate coefficient curves of Figs. 4-2 and 4-3 and
the standard deviation factors were derived from a review of fractional
release data, including a statistical analysis of the data, conducted
during the AIPA study (see Ref. 4-9, p. 4-21). This review has been

extended and the following report is a documentation of the extended review.

At the end of this report, the presently recommended release rate
coefficient data and standard deviation factors are summarized. There are
no significant differences between the presently recommended release rate
coefficient data and the data represented by the curves of Figs. 4-2 and
4~3, The presently recommended standard deviation factors for Xe and Kr

release from failed particles are slightly larger than those in Ref. 4-9.

This report first discusses the treatment of fractional release data
to obtain release rate coefficients and then presents the bases for the
release rate coefficient curves for the following elements and particle

configurations:

. Iodine release from failed BISO particles with oxide kernels.
. Iodine release from failed TRISO particles with dense UC2 kernels.

. Iodine release from intact particles.

. Xenon release from intact particles.

1
2

3

4, Xenon release from failed particles.

5

6. Krypton release from failed particles.
7

. Krypton release from intact particles.
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8, Cesium release from intact BISO and failed particles.

9, Strontium release from intact BISO and failed particles.
10. Strontium release from intact TRISO particles.

11. Cerium release from intact BISO and failed particles.
12, Cerium release from intact TRISO particles.

13. Barium release from intact BISO and failed particles,

14, Barium release from intact TRISO particles.

For other elements, release rate coefficient curves were chosen on the
basis of similarities in chemical or physical properties of these elements

with the above listed elements.

Treatment of Fractional Release Data to Obtain Release Rate
Coefficients

The release behavior of each nuclide from HTGR fuel under core heatup
conditions is expressed by a release rate coefficient, R. The fractional

release is calculated according to the equation:

-Rt
Frel = 1 - e . (4-1)

where Frel = fractional release, R = release rate coefficient, and t = time.
The release rate coefficient is a function of temperature, fuel type, fuel

particle integrity, irradiation history, and nuclide.

Equation 4~1 generally fits the available experimental data only over
a limited time interval., Thus to derive from the equation a value of R
which yields a conservative estimate of the release function, Frel’ a small
value of t should be chosen. In this review, the value 1 hour is chosen
since this is the smallest measurement time for most of the data. This
choice of time is still somewhat arbitrary since experimental data at times
less than 1 hour are not available and no comparison of the fit of Eq. 4-1
to the experimental data can be made at shorter time intervals. The
agreement of Eq. 4-1 with the experimental data appears to substantially

improve as the temperature increases.
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In computing uncertainties for the experimental data, a log normal

distribution of errors is assumed.

Jodine Release From Failed BISO Particles with Oxide Kernels

The release rate coefficient curve representing iodine release from
failed BISO particles (curve 10 BISO in Fig. 4-3) was generated using ORNL
data for pyrolytic carbon coated UO2 particles which were mechanically
cracked to simulate failure and were in an unconstrained configuration
during the measurements (Refs. 4-10, 4-11). These were the only available
data for iodine release from failed particles with oxide kernels. It is
reasoned that iodine release from UO2 kernels is similar to that from ThO2

kernels.

The fractional release data are given in Table 4~2, The data of Ref.
4~-10 are given as mean and error bars (see Fig. 5.13 of Ref. 4-10). To
better reflect in our calculations the spread of the data, we have listed
in Table 4-2 the points representing the terminal points of the error bars.
The average of each set of two points is identical to the average point

given in Fig. 5.13 of Ref. 4~10.

Release rate coefficient data, calculated from the fractional release
values using Eq. 4-1, are included in Table 4-2 and plotted in Fig. 4-4, A

least-squares fit of the data yielded curve 2 in Fig. 4-4.

Curve 1 in Fig. 4~4 is an early least-squares fit of release rate
coefficient values derived from the ORNL data. Curves 1 and 2 differ
because of a difference in the way the data were treated. In the earlier
least-squares treatment, five of the data points used were averages of
other data and were inadvertently used. The difference in curves 1 and 2

is negligible in view of the other uncertainties.

Curve 3 in Fig. 4-4 is the 2~-sigma lower limit relative to curve 1,
the earlier least-squares fit of the release rate coefficient data. Curve
3 was adopted as the reference curve for failed BISO particles and is the

same as curve 10 BISO in Fig. 4-3. In adopting curve 3, it was reasoned
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TABLE 4-2
RELEASE RATE COEFFICIENTS (R) FOR IODINE RELEASE FROM FAILED BISO PARTICLES

Temp. Percent
(°c) Release(a) R Data Source
1100 3,2(b) 0.0325 Ref. 4-11, Table 5.4,
0.8 0.0080 p. 80; 1-hour anneal
2.7 0.0274 data
1200 1.6 0.0161
4.4 0.0450
2.9 0.0294
1300 2.9 0.0294
5.4 0.0555
1350 2.9 0.0294
7.7 0.080
1400 12.8 0.137
13.9 0.150
8.7 0.091
1500 33.3 0.405
1000 0.63(c) 0.0032 Ref. 4-10, Fig., 5.13,
1.15 0.0058 p. 97; 2-hour anneal
1100 0.29 0.0015 data
3.1 0.0158
1200 1.7 0.0086
4.5 0.0230
1300 3.4 0.0173
10.3 0.0545
1400 11.8 0,0630
18.9 0.1045
1500 22.9 0.1300
535 0.383
(a) )

Percent release values are for I-131 release from
mechanically cracked pyrolytic carbon coated UOj. The
values resulted from anneal tests performed at ORNL
(References given under Data Source).

(b)Five average values and one datum on a crushed
particle were omitted from the Ref. 4-~11 data.

(C)The two points at each temperature are from the
error bar extremes in Fig. 5.13, p. 97 of Ref. 4-10.
The average of these is the mean point for each
temperature,



DATA FROM TABLE 4-2
6 O FROM REF.4-10

A FROM REF. 4-11

CURVE

1 ~ EARLY LSSL (LEAST SQUARES STRAIGHT LINE)

2 - LSSLFORDATAINTABLE 42

3  — REFERENCE CURVE FOR CONSTRAINED FAILED
BISO PARTICLES (SAME AS CURVE 10 BISO
IN FIG. 43

- CURVE 2 REDUCED BY A FACTOR OF FOUR
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104/T (K)

Fig. 4~4. Temperature dependence of release rate coefficients for iodine
release from failed BISO particles (i.e., failed particles with
oxide kernels)

4-18



L 2R S ]

that this curve represents release rate coefficient values for constrained
failed particles as contrasted with unconstrained failed particles (see
next two paragraphs) and that curve 1 represents the upper 2-sigma limit.
This was an approximate means for accounting for lower release from con~
strained failed particles. It is recognized that this method of selecting
the reference curve is questionable because it depends on the number and
spread of the data points; however, as related below the curve is

reasonable,

Burnette et al., (Ref. 4~12) found that fission gas release values for
loose failed fuel particles are appreciably higher than values for failed
particles in fuel rods. This led to the concept of the constrained failed
particle, defined as a failed particle with a cracked coating in a fuel rod
where the crack is constrained from opening by the matrix material and
adjacent particles. The constrained particle appears to be representative
of failed particles in fuel rods. (This needs to be verified for failed

particles under high~temperature accident conditioms.)

Curve 4 of Fig. 4~4, which is a factor of four lower than curve 2, is
drawn on the basis of the following justification. Fission gas release
(R/B) for Kr-85m at 1100°C has been measured (Ref. 4-12) to be a factor of
about four smaller for comstrained failed particles than for unconstrained
failed particles, On the basis of this finding, one can lower the release
rate coefficient for unconstrained failed particles by a factor of four.
This is an approximation, of course, since it is not known if iodine

isotopes behave as Kr~85m,

Curve 3 does not differ greatly from curve 4, and it is conservatively
high relative to curve 4, This justifies the retention of curve 3 as the

reference curve.

The fractional release data in Table 4-2 are for either 1 or 2 hours
of annealing; ideally, one would like more annealing time to know more
accurately the time dependence of the release. The application of Eq. 4-1

to the data adds uncertainty, as discussed above. There is the possibility
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that the fits according to Eq. 4~1 of the datum at 1 or 2 hours still
result in an underestimation of the release at times less than 1 or 2
hours, but this error will become less important at higher temperatures

(around 2200 K).

The temperature range of the ORNL annealing experiments was 1273 to
1773 K (1000° to 1500°C). It would be desirable to have data to at least
2200 X. Data are not required above 2200 K because the release rates would

be very high and iodine retention times correspondingly low.

Burnups were 10% for Ref. 4-10 data and 117% for Ref. 4-11 data. These
burnups are comparable to the maximum burnup for reference fertile par-
ticles (7.5% FIMA), but additional data for lower burnup values are needed.
If more data were available at lower burnup, a reduction in R values might
be obtained, The present burnup effect results in a conservative mean

curve, other factors being neglected.

The somewhat arbitrary uncertainty limits placed on the reference
curve (curve 3 of Fig. 4-4) are the 2-sigma upper bound represented by

curve 1 and a lower bound which is symmetric to the upper bound.

TIodine Release From Failed TRISO Particles with UCy Kernels

Available fractional release data (taken from Ref. 4-10) for use in
generating release coefficient values for iodine release from failed TRISO
particles are given in Table 4-3. The data were measured in anneal tests
on mechanically cracked pyrolytic carbon coated UCZ' These were the only
available data for iodine release from failed particles with UC2 kernels.
It was reasonable to use these data, even though the particle coatings were
not TRISO, because after failure the nature of the coatings becomes much
less important in influencing release. The particles were irradiated to

15% burnup. The data in Table 4~3 are for 2-hour anneal tests.

Release rate coefficient values derived from the fractional release

values using Eq. 4-1 are included in Table 4-3 and plotted in Fig. 4-5. A
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TABLE 4-3
RELFASE RATE COEFFICIENTS (R) FOR IODINE RELEASE
FROM FAILED TRISO PARTICLES(a)

Temp. Percent

°c) Release R

1000 0.04 0,0002
0.2 0.00t
0.7 0.0035
0.06 0.0003
0.03 0.00015

1300 0.5 0.0025
0.7 0.0035
0.1 0.0005
0.3 0.0015

1400 0.9 0.0045
1.5 0.0076

(a)

Percent release values taken
from ORNL report (Ref. 4-10, Table 5.4,
p. 96). Values are for I-131 release
during 2-hour anneals, Particles used
were mechanically cracked pyrolytic

carbon coated UC2.
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least-squares fit of the data, performed in the same manner as for the

failed BISO particles, yielded curve 2 of Fig. 4-5,

Curve 1 in Fig. 4-5 is an early least-squares fit of the release rate
coefficient data. Curve 1 differs from curve 2 because only averages of
the release coefficient data at each temperature were used in obtaining the

former. All data points were used in obtaining curve 2.

Curve 3 of Fig. 4-5 is the 2~sigma lower bound relative to curve 1.
Curve 3 was adopted as the reference curve for failed TRISO particles and
is the same as curve 10 TRISO in Fig. 4~3. 1In adopting curve 3, it was
reasoned that this curve represents release rate coefficient values for
constrained failed particles and that curve 1 represents the upper 2-sigma
bound. This was an approximate means for accounting for lower release from

constrained failed particles.

Curve 4 is a factor of four lower than curve 2, The justification for
the factor of four is the above cited finding that Kr-85m release is a fac-
tor of four lower for constrained failed particles than for unconstrained

failed particles.

Curve 3 does not differ greatly from curve 4; it is conservatively
high relative to curve 4, and in view of the uncertainties involved, the
difference between the two curves is probably not significant. This justi-
fies the retention of curve 3 as the reference curve, (The procedure and
reasoning which led to adopting curve 3 of Fig. 4~5 as the reference curve
for failed TRISO particles is the same as that used in adopting curve 3 of

Fig. 4~4 as the reference curve for failed BISO particles.)

The release rate coefficient curve for jodine release from failed
TRISO particles is low relative to the failed BISO particle curve (compare
curves 10 BISO and 10 TRISO in Fig. 4-3). The ORNL data clearly show that
the release rate of iodine from carbide kernels is appreciably lower than
that from oxide kernels. The appreciably lower release for failed par-

ticles with carbide kernels can readily be seen by examination of the
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release rate data given in Table 5.4 of Ref. 4~10. (This table compares
iodine release from cracked coated UO2 and UC2 particles during post-—
irradiation anneals at 1000° to 1400°C., Percent releases of iodine are
greater by a factor of 10 or more for the U0, kernels than for the UC2

2
kernels.)

The temperature range of the anneal experiments which provided the
release data in Table 4-3 was rather narrow (1000° to 1400°C) from the
viewpoint of accident conditions. The activation energy for the release

coefficient data is correspondingly uncertain.

The greatest uncertainty associated with the curves in Fig. 4~5 is
probably the dependence of the release rate coefficient on burnup. The
burnup of the particles from which the data of Table 4-3 were obtained was
only 15%, whereas the range of burnup from zero to about 757 is of inter-
est. Since there are no data on the dependence of iodine release on
burnup, data on the release of noble gases were examined. From limited GA
data, only a weak dependence of release of Kr-85m on burnup was found in
the range between 257 and 547 FIMA for UC2 particles (and alsc in the range
between 0 and 30% FIMA for UO2 particles). On the other hand, workers at
CEA (Ref. 4~13) have found an order of magnitude increase in fission gas
release in the range of burnup from 0 to about 67 FIMA for (Th,U)O2 par-
ticles. The CEA experiments were performed on GA particles which were
laser~drilled to simulate failure. The particles with about 67 FIMA had
been irradiated in capsule test SSL~1 with a neutron flux of 7.4 x 1015
n/mz's. The applicability of the CEA data to the present situation is not
established; however, allowing for the effect of burnup is prudent.
Accordingly, allowance was made for the uncertainty in burnup dependence by
extending the uncertainty limits relative to the reference curve (curve 3
of Fig. 4-5), and this is reflected in the standard deviation factor given

in Table 4-5 of Ref. 4-9,.
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Iodine Release From Intact Particles

The data for iodine release from intact particles are shown in Table
4-b4, In all cases, the particles are BISO coated with HTI coatings. Some
of the particles were tested at rather long times after the initiation of
the anneal, and using these data without a correction would result in
underestimating the release rate coefficient. Therefore a correction to
these data has been made as indicated in Fig. 4-6. The correction consists
of extrapolating the fractional release data to 1 hour in an essentially
conservative manner; i.e., the fractional release found by extrapolation to
1 hour is essentially the maximum such value that can be obtained by
extrapolating the data. [For one datum of Table 2 of Ref. 4-~15, only one
measurement of fractional release has been obtained and this sample is

therefore not used here (i.e., sample F-1409-17).]

The data of Table 4-4 are all for (Th,U)C2 particles. However, if the
coating contamination is the principal source of iodine for intact
particles, the restriction to carbide particles should not be important.

This is generally assumed to be the case (see Ref. 4-17),

The least-squares straight line for the data of Table 4~4 and the 95%
confidence bounds, based on the standard deviation for a single estimated
value of the dependent variable, are shown in Fig. 4-7. The least-squares

straight line (LSSL) is the same as curve 10 in Fig. 4-2,

Xenon Release From Failed Particles

The xenon fractional release data and derived release rate coef-
ficients are given in Table 4~5 for release from uncoated (Th,U)C2 kernels.
The data were obtained from measurements on kernels embedded in a graphite

matrix. There are no data for failed constrained particles.

The data of Table 4-5 are plotted in Fig. 4~8., Curve 1 is the least-
squares fit of the data, and one would expect this curve to be higher than

a curve for failed constrained particles since retention of fission gases
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TABLE 4~4
RELEASE RATE COEFFICIENTS (R) FOR IODINE RELEASE
FROM INTACT PARTICLES(a)

Temp., Percent Time
(°C) Frel FIMA (h) R Data Source
-3 -4
1600 <1.4 x 10 24, 2.5 <5.6 x 10 Ref. 4-14;
1600 <5.8 x 10°% 2. 2.5 <2.3x 1074 pp. 136-138
1100 <3.2 x 1072 8.5 15.0(P) <3.4 x 1072
1300 <7.5 1074 8.5 14,9 <7.5 % 1074
1100 <1.0 x 107% "0 15.0 <1.0 x 1074
1300 <1.0 x 1072 0 15.0 <1.0 x 1072
1340 2.1 x 10°% 24, 6.0 2.1 x 10°%
1700 L0 x 1072 0 (e) 3.0 x 1073 Ref. 4-15;
1700 1074 "0 (c) 3.3 x 10°% PP. 4-5
1700 1.2 x 10°% O () 1.2 x 1074
1000 6.0 x 10°° 0 (c) 6.0 x 107° Ref. 4-16;
1200 . 10"5 ) (c) 2.3 x 10—6 Table 6b,
p. 34
(a)All particles are BISO type particles with HTI coatings.,
(b)

The listed times correspond to the one available datum; a conservative
value of R was calculated by assuming t = 1 h.

(e)

Data were extrapolated to 1 h as shown in Fig. 4-6.
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TABLE 4~5
RELEASE RATE COEFFICIENTS (R) FOR XENON RELEASE FROM
"FATILED" (UNCOATED) PARTICLES OF (Th,U)CZ(a)

Temp.
°c) Frel R Data Source
2000 0.44 0.58 Ref. 4-16;
2000 0.30 0.36 Fig. 6,
1800 0.25 0.29 p. 14
1800 0.14 0.15
1600 6.09 0.094
1600 0.09 0.094
1400 0.033 0.033
1400 0,0095 0.0095

(a)

All data are for 0% FIMA; the data
are from 1-h anneals.
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by the graphite matrix is less than by constrained coatings (Ref. 4~12),
Therefore curve 1 should yield a conservatively high estimate of release.
Curve 2, which is the same as curve 5 in Fig., 4~3, is an early least-
squares fit of the release rate coefficient data, and this curve does not
differ significantly from curve 1; therefore retention of curve 2 as the

reference curve is justified.

The data of Table 4-5 are restricted to carbide kernels. There appar-
ently are no data on the time dependence of xenon fractional release for
oxide kernels. The only guide to estimating the relative fractional
releases for oxide kernels compared to carbide kernels is the vrelation
between these types of kernels as found for iodine in the previous section.
For iodine the release rate coefficients for oxides are about a factor of
twenty larger than those for carbides. [Compare the mean curves for con-
strained, failed particles of the present analysis in Figs. 4-4 and 4-5,
for example, at 104/T (K) = 6.5.]1 1Iodine is frequently assumed to behave
like xenon and evidence for this exists (for example, see Table 4 of Ref.

4=16).

The xenon release rate coefficient curve for carbide kernels lies very
close to the iodine curve for oxide kernels in failed constrained particles
(compare curve 2 of Fig. 4~8 with curve 4 of Fig. 4-4). Thus, on the basis
that the fractional release of xenon and iodine are the same, it is assumed
that the xenon release rate coefficient curve for oxide kernels in con-
strained failed particles will be adequately represented by the present
xenon release rate coefficient curve for carbide particles. Accordingly,
curve 2 of Fig., 4~8 is taken to represent xenon release from both oxide and
carbide kernels in constrained failed particles. Curve 2 should be espe-~
cially conservatively high for carbide kernels considering the much lower

iodine release rate observed for carbide kernels compared to oxide kernels.

For the data of Table 4-5, the burnup was very small. There are no
data on the effect of burnup for xenon release from failed fuel particles.
This effect is taken into account through the uncertainty assigned to curve

2 of Fig. 4~8, A moderately conservative estimate is made that the upper
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bound to curve 2 is a factor of 10 greater than the mean (LSSL) curve.
This estimate accounts for the available data on burnup as presented

previously in the case of iodine release from failed TRISO particles.

Xenon Release From Intact Particles

The data for xenon release at early times from intact BISO and TRISO
coated particles are shown in Table 4-6. The values of Frel in Table 4-6
are treated in an effectively conservative manner by assuming these values

of Fre correspond to measurements taken 1 hour after annealing began. The

data ficm Refs. 4~16 and 4~19 have fractional releases 100 times smaller
than the other data in Table 4-6. The reason for this discrepancy is
unknown but on the basis of comparative studies (Ref. 4~18), the discrep-
ancy possibly results from differences in the manufacturing processes for
various lots of particles. Since data are not available for reference
particles, a conservative position is taken, and the low~release data are

excluded in computing the mean curve,

The data for R in Table 4-~6 are plotted in Fig. 4-9. These release
data are too limited to determine the temperature dependence of R,
Instead, this dependence is fixed by taking the slope of the release rate
coefficient -~ temperature curve to be the same as for iodine release from
intact particles. The resulting mean curve, as shown in Fig. 4-9, was
drawn so as to pass through the point R = 2,2 x 10~5 at 104/T (K) = 6.0,
which is also a point on the least-squares straight line fit to the R data
of Table 4-6. The bound curve of Fig. 4-9 is based on the same uncertainty

as was assigned to the mean curve for iodine release from intact particles.

Krypton Release From Failed Particles

There are no available fractional release data which are suitable for
calculating release rate coefficients for krypton release from failed par-
ticles. Steady-state release fraction (R/B) data are available (Ref. 4-16)
for uncoated particles irradiated for 1 hour. These data are not directly

applicable to core heatup accident analyses. However, these steady-state
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TABLE 4-6

RELEASE RATE COEFFICIENTS (R) FOR XENON RELEASE FROM INTACT PARTICLES
Temp Percent t
(°C) Frel FIMA (h) | Coating R Data Source
1600 |<6.2 x 1072 24,0 2.5 | HTI 6.2 x 1075 | Ref. 4-14;
1600 |<5.6 x 1072 24,0 | 2.5 HTI |5.6 x 1072 | pp. 136-138,
1100 [<1.7 x 10> 8.5 115.0 HTI 1.7 x 1072 | BISO particles
1300 |<4.4 x 10-5 8.5 [14.9 HTI 4.4 x 1072
1400 | 1.1 x 1072 (a) 5 (a) 1.1 x 1075 | Ref. 4-18;
1400 | 6.4 x 1070 (a) 5 (a) 6.4 x 10°0 | p. 140,
1400 | 7.4 x 1076 (a) 5 (a) 7.4 x 106 | TRISO particles
1400 | 1.3 x 1072 (a) 5 (a) 1.3 x 1072
1400 | 5.2 x 1072 (a) 5 (a) 5.2 x 1073
1400 | 2.4 x 105 (a) 5 (a) 2.4 x 1072
1700 |<1.7 x 1077(B) | ~0 65 LTI Ref. 4-16;
1400 |<2.7 x 10=7 ) 65 LTI Table 6,
1200 |<2.2 x 10~/ 0 20 LTI p. 34,
1000 [<1.8 x 1077 o) 15 LTI BISO particles
1400 | 3.2 x 1077 _— 5 LTI Ref. 4-19;
Table V.11,
p. 217,
BISO particles
(a)Data not given in Ref. 4-18,
(b)Note that the very low release data are not used (see text).

4-33



10-3

bl

-—
@
S

—_
<«
o

RELEASE RATE COEFFICIENT, R{

106

167

DATA FROM TABLE 4-6
OREF. 414

AREF. 418

CURVES ARE LSSL AND 95%
CONFIDENCE BOUNDS

\ (THE LSSL IS THE SAME AS
u ~ CURVES IN FIG.42)
AN
AN
- ~
N\
B ~
L N
~
L ~
N
AN
~
L ~
~
AN
~
. ~
AN
L \\
i 8 A AN
L 0 ~
AN
- 0
AN A
- N A
- AN
i N 2
N
n ~N
~
N
l_ N
~
~N
- AN
L ~
~
B ~
~
- ~
AN
~
~
L 1 1 ] i
3 4 5 6 7 8
10497 (K)

Release rate coefficient -~ temperature curves for xenon release

from intact particles

4-34




data were used in earlier estimates of the release rate coefficients and

are the basis for the reference curve (curve 6 in Fig. 4-3).

A different approach, which is considered to be more reliable, is the
following. The assumption is made that the ratio of the release rate
coefficients for Kr to Xe is given by the ratio of the corresponding R/B
values as measured in loops, reactors, etc. Ratios have been recently
evaluated (Ref. 4-20). To estimate the release rate coefficient curve for
krypton release from failed particles, the release rate coefficient curve
for xenon release from failed particles, curve 2 of Fig, 4-8, was multi-
plied by appropriate values of the ratios. The resulting curve is shown in
Fig. 4~-10 as curve 1. To obtain this curve, points at 1100° and 1400°C on
curve 2 of Fig. 4-8 were multiplied by the ratios 2.5 and 3.3,

respectively.

This estimated mean curve is compared in Fig. 4-10 with the mean curve
from the earlier analysis. The differences only exceed a factor of 3 above
2300°C; since extrapolation of any curve much beyond this temperature is
not justified, the differences in the curves can be neglected. Therefore,

the retention of curve 2 as the reference curve is justified.
The uncertainties of the krypton curve are unlikely to be smaller than
those associated with the corresponding xenon curve and therefore a factor

of #10 in R values will give moderately conservative bounds.

Krypton Release From Intact Particles

The data on krypton release from intact particles are listed in Table
4-7 and shown in Fig. 4~11. The scatter in these data is large, but the
data correspond roughly to those for xenon as presented in Table 4-6. To
maintain consistency, the release rate coefficient curve for xenon release
from intact particles is used but multiplied by the ratios given above to
represent krypton release from intact particles. The resulting curve is
shown in Fig., 4~11 as curve 1. This curve was obtained by multiplying

points at 1100° and 1400°C on curve 1 of Fig. 4-9 by the ratios 2.5 and
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TABLE 4-7
RELEASE RATE COEFFICIENTS (R) FOR KRYPTON
RELEASE FROM INTACT PARTICLES

Temp (a)
(°c) Frel r'@ Data Source
1440 3.0 x 1076 = Frol Ref. 4-21
1600 6.0 x 10-6
1370 <1 x 10-6
1700 1.0 x 106
1370 4.0 x 10-6
1660 <t x 1070
1800 <1 x 10-6
1370 <1 x 1076
1660 <1 x 1070
2000 4.5 x 1072
1370 2.0 x 1070
1370 4.2 x 10™%
1520 1.1 x 10™%
1370 9.0 x 10-6
1700 1.1 x 1072
2000 1.6 x 1072
1370 2.5 x 1072
1700 1.8 x 10-3
2000 2.2 x 10-5
(@p o1 - Rt pe =R, for £ = 1 h

rel
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3.3, respectively., Curve 1 of Fig. 4-11 differs negligibly from curve 2 of
an earlier analysis, justifying curve 2 as the reference curve. The
assigned uncertainties shown in Fig. 4~11 are the same as used for xenon

release from intact particles.

Cesium Release From Failed Particles

Recent experimental data (Ref. 4-22) for cesium release from failed
particles are presented in Table 4-B. These data are plotted in Fig. 4-12.
The least—-squares straight line and 95% confidence bounds are also given in
Fig. 4-12, The least-squares straight line is the reference curve (curve 2

in Fig. 4-3).

The data derived from the Peach Bottom element and from the FTE-2
laser-drilled particles are in agreement except for one datum at 1400°C.
This agreement indicates that the coating type, HTI or LTI, is not

important for release from failed particles, as expected.

For the particles with ThO2 kernels, near peak burnup was achieved;
for particles with carbide kernels, the burnup was small relative to peak
burnup. Since no release rate data are available for carbide kernels at
peak burnup, there is an unknown uncertainty in applying the mean curve of
Fig. 4-12 to predict release of cesium from failed particles with carbide
kernels. However, the release rate coefficients of Fig. 4-12 are quite
high; for example, taking into account the upper confidence bound, all
cesium would be released in 30 minutes at 1500°C. Thus, use of the mean
curve and confidence limits of Fig. 4-12 for carbide particles should pro-

duce little error in times of the order of hours under accident conditions.

Cesium Release From Intact Particles

The data used for obtaining release rate coefficient curves for cesium
release from intact particles are given in Table 4~9, The data from Ref.
4-23 are for BISO~type particles with essentially HTI coatings and FIMA of
8.5%. The data of Table 4-9 are plotted in Fig. 4~13 and the mean (LSSL)
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TABLE 4-8
RELEASE RATE COEFFICIENTS (R) FOR CESIUM
RELEASE FROM FAILED PARTICLES(2)

Temp. Percent
(°c) Frel FIMA Particles R Data Source
1000 | 9.0 x 1074 | 5 (Th,U)Cy | 9.0 x 104 | Peach Bottom
1200 | 2.5 x 1072 with BHTT | 2.5 x 10~2 | element P13-05,
1400 | 1.8 x 10~] coating | 2.0 x 10~1 | 100% failed
1000 | 1.5 x 10—3 1.5 x 10~3
1200 | 2.0 x 10”7 2.0 x 107 C
1400 | 2.8 x 10~1 3.3 x 1071
1000 | 3.0 x 1073 | 7 ThO, BISO | 3.0 x 1073 | FTE-2; laser- .
1200 | 1.4 x 1072 with LTI | 1.4 x 1072 | drilled particles
1400 | 5.5 x 1073 coating | 5.5 x 1073
(a)

Data from Ref. 4-22. Anneal times are 1 h,
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TABLE 4-9
RELEASE RATE COEFFICIENTS (R) FOR CESIUM
RELEASE FROM INTACT PARTICLES

Temp. Percent

°c) Frel FIMA R Data Source
1370 3 x 1074 "0 3 x 1074 Ref. 4-21;
1700 4 x 10™% 0 4 x 1074 p. 104

2000 2 x 1073 0 2 x 10™3

1100 2.8 x 1072 8.5 2.8 x 1072 Ref. 4-23;
1250 5.5 x 1072 8.5 5.5 x 1072 pp. 104, 106
1500 1.2 x 1074 8.5 1.2 x 1074

2000 N2 x 1072 8.5 N2 x 1072

1100 2.2 x 1072 8.5 2.2 x 1073

1250 4,9 x 1072 8.5 4.9 x 1072

1500 1.2 x 10~4 8.5 1.2 x 1074

1750 2.3 x 1074 8.5 2.3 x 104
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curve (curve 1) from the present analysis as well as curve 2 (a slightly
revised version of the Ref. 4=7 mean curve) are drawn. The differences in
the two mean curves are due primarily to the assumption in Ref. 4-23, and
thus in Ref. 4~7, that the release rate coefficient curves (coefficients
being evaluated at 20 hours) which exhibit two portions with different
slopes reflect the operation of two different release mechanisms and not
simply errors in the measurements. In the present analysis, this assump-
tion has not been made on the basis that (1) the data are too few to draw
such a strong conclusion, (2) other data (Ref. 4-24) for certain particles
show no evidence for a changing slope of release rate coefficient curves,
and (3) the evaluation of release rate coefficients at 20 hours is not
satisfactory for accident analysis given that Eq. 4-1 has to be used. Con-
sequently, the mean curve of the present analysis is an adequate represen-—

tation of the data.

The data, as mentioned above, are primarily for HTI coatings, whereas
LTI coatings are of primary interest in HTGRs. A clear demonstration has
been given (Ref. 4~25) that the diffusion coefficient of cesium in LTI is
significantly greater than the diffusion coefficient in HTI pyrocarbon.
Therefore, a correction to the mean curve of the present analysis is in
order. The correction is made as follows. The fractional release is pro-
portional to the square root of the diffusion coefficient for small values
of the products of reduced diffusion coefficient and time and decay fre-
quency and time (Ref. 4-26). The approximation that this proportionality
can be applied to correct the HTI coating data is used. Thus the mean
curve of Fig. 4~13 is dincreased by factors derived from the square root of
the ratio of diffusion coefficients for LTI to HTI pyrocarbon coatings as
determined from Ref. 4-25. At 104/T (K) = 4.0, the factor is determined to
be 14.6 and at 104/T (K) = 6,0, the factor is 4.1. The new mean curve for
cesium release from LTI coated partiéles is shown by curve 3 of Fig. 4-~13.
Notice that in obtaining this new curve, the further assumption of a pro-
portionality between fractional release and release rate coefficient has

been made, This curve is the same as curve 2 in Fig. 4-2,
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The uncertainty asscociated with the new mean curve will be the stand-
ard deviation of a single point based on the data of Table 4-9, The stand-
ard deviation of a single point rather than that of the mean is chosen to
take into account differences in the materials to which the data may be
applied from the materials on which the data were based. This consider—
ation is in addition to the differences between HTI and LTI pyrocarbon
which has been accounted for by the use of multiplying factors. The

confidence bounds at the 957 limit are shown in Fig. 4-13.

Additional data at 4% FIMA (Ref. 4~24) are available but were over-
looked in this review until completion of the analysis. Rather than revise
the analysis, which could not be essentially altered thereby, the data will
be briefly discussed. The data are given in the form of release rate coef=-
ficients which are calculated for initial release behavior; thus, qualita-—
tively they are acceptable for the present review. At temperatures above
1400°C, these data are not significantly different from the data plotted in
Fig. 4-13; for temperatures of 1400°C and smaller, the data lie below the
data of Fig. 4~13., Thus the dependence of release rate coefficients on
FIMA is apparently weak for intact particles as expected. On this basis,
the effect of FIMA can be neglected and omission of the 47 FIMA data is not

important.

Strontium Release From Intact BISO Particles

The data for strontium release at early times from BISO type particles
are given in Table 4-10., All data are for intact particles except for the
one case noted and only data at 1 hour after start of annealing are used

except as noted.

All the particles considered in Table 4~10 had carbide kernels,
whereas the reference BISO particles have ThO2 kernels. However, this
discrepancy is relatively unimportant because the release of strontium is
controlled by diffusion through the pyrocarbon at temperatures above

1400°C. At lower temperatures, the release of strontium is controlled by
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TABLE 4-10
RELEASE RATE COEFFICIENTS (R) FOR
STRONTIUM RELEASE

Temp. Percent | Kernel and
(°c) Frel FIMA Coating R Data Source
1300 | 7.4 x 1074 4.0 (Th,U)Cy | 7.4 x 107% Ref. 4-23;
1400 | 2.9 x 1072 4.0 HTI 2.9 x 10~2 p. 112
1750 | 4.6 x 10~ 4.0 6.2 x 10~1
1250 | 9.0 x 1072 7.5 uc, (a) 9.4 x 1072 Ref. 4-27;

p. 111
1100 | 4.0 x 1073 24.0 (Th,U)Cy | 4.0 x 1073 Ref. 4-14;
1300 | 5.6 x 101 24,0 HTI 8.2 x 10~1 Table 3.19,
1100 | 2.6 x 10~3 24,0 2.6 x 10~3(P) | p. 137
1300 | 2.2 x 10-1 24.0 2.5 x 10=1(e)
1400 | 3.5 x 10~3(d) 0 Carbide 3.5 x 1073 Ref. 4-19;

LTI Table V.11, -

p. 217 &
1100 | 2.0 x 1073 8.5 (Th,U)Cy | 2.0 x 10-3 Ref. 4-28;
1250 | 3.5 x 1072 8.5 HTI 3.6 x 10~2 p. 105 ’
1500 | 3.6 x 10~1 8.5 4,5 x 10~
2000 | 4.0 x 10~ 8.5 5.1 x 10~}
1370 | 7.0 x 1073 O (Th,U)Cy | 7.0 x 1073 Ref. 4-21;
1700 | 1.1 x 10~} "0 ? 1.2 x 1071 p. 104
2000 | 3.8 x 1071 "0 4.8 x 1071

(a)

All coatings were intact except for this case in which the
coating was mechanically failed.

(b)1.5 h point treated as a 1 h point.
(c)

(d)

Based on extrapolated value to obtain Fp.,1 at 1 h.

Average of four lots.
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kernel diffusion. The assumption of pyrocarbon control of release at tem-—
peratures below 1400°C will result in overpredicting the release but not by
a significant amount since the contribution to total release below 1400°C
is small as a result of the exponential dependence of release on tempera—
ture (considering the temperature ramp conditions of accidents). There~-
fore, it is assumed that the pyrocarbon controls the release of strontium

at all temperatures of interest.

Unlike the case of cesium, as discussed earlier, the data for stron-
tium migration through LTI and HTI pyrocarbon indicate there is little dif-
ference between the diffusion coefficients for strontium in LTI and HTI
pyrocarbon (Refs. 4-25, 4-29)., Most of the particles represented in Table
4~10 have HTI coatings but these were treated, along with the rest, as if

they had LTI coatings,

The data of Table 4-10 are plotted in Fig. 4~14; examination of these
data shows a dependence on FIMA with large release rate coefficients asso-
ciated with large FIMA values, The FIMA values range from 0 to 24%. Such
a correlation between the diffusion coefficient of cesium in pyrocarbon and
FIMA has recently been noted (Ref. 4-30) and is apparently independent of
kernel type. Further work is required to understand the correlation,
although it appears not to extend much above 207 FIMA. TIn the present
case, where FIMA values of less than 7.57 are of concern, this correlation
is considered only in terms of the assigned uncertainties. The mean curve
for the intact particle data plotted in Fig., 4-14 is shown as curve 1.
Curve 2, which is derived from an earlier analysis and appears as curve 1
BISO in Fig. 4-2, is in error apparently due to a transcription error,
However, it does not differ significantly from curve 1 within the uncer-
tainty limits shown in Fig. 4-14, These limits are based on the standard
deviation of a single estimated value of the dependent variable. Curve 1
is being used in current SORS calculations of strontium release from intact

BISO coated particles,
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Fig. 4-14. Release rate coefficient - temperature curves for strontium
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Strontium Release From Failed Particles

For strontium release from failed particles, only one point is avail-
able from the existing data (Table 4~10)., Therefore, the release rate
coefficient curve for failed particles was established by multiplying curve
1 of Fig. 4-14 by the ratio of the failed particle datum to the datum of
curve 1 at the same temperature. This ratio, from Fig. 4-14, is 8B.2. The

uncertainty is assumed to be the same as in the intact particle case.

The release rate coefficient curve of Fig., 4-3 for strontium release
from failed particles (curve 1) differs from the recommended curve for the
same reason as noted above in the case of strontium release from intact
BISO particles. Again the difference is not significant but the recom—

mended curve should be used.

Strontium Release From Intact TRISO Particles

The data for strontium release from intact TRISO particles are given
in Table 4~11. Because of the high anneal temperatures involved, data are
available on particles without some defect only at one temperature (1400°C)
and it is necessary to consider defective particles to estimate the temper-
ature dependence of the release rate coefficients. The particles listed in
Table 4~11 are classified as defective if (1) the inner pyrocarbon coating
is missing, (2) a high release of xenon was obtained, or (3) the coating

contamination by uranium was large.

Classification of the data is given in the legend of Fig. 4~15 and a
mean curve is drawn for classification sets 1, 4, and 5. Sets 3 and 6,
with nonzero FIMA values, yield mean curves not significantly different
from the curves for the corresponding zero FIMA data sets. Thus, no effect
of FIMA on the release rate coefficient is shown by the data. The three
mean curves have essentially the same slope. The mean curve for set 2, the
particles without defects, is drawn parallel to the other mean curves and
is passed through the mean value for data of this set at 1400°C. For this

mean curve, the uncertainty is estimated to be a factor of about 50.
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Cerium Release From Intact BISO and Failed Particles

The data for cerium release from intact BISO particles are given in
Table 4-12 and shown in Fig. 4~16, These data represent only pyrocarbon
coated (Th,U)C2 kernels. Furthermore, for the particles represented by the
GA data (Refs. 4-23 and 4-24), the coatings were HTI pyrocarbon.

There are fewer related experiments on which to base an approach to
interpretation of these cerium data than for the cases of cesium or stron-
tium, but the general procedure in the past has been to liken cerium to
strontium in its behavior as a migrating fission product. With the assump~
tion of similarity in transport for cerium and strontium, one expects
little dependence on the pyrocarbon coatings represented by HTI or LTI.
Thus, in Table 4~12 the data for particles with HTI coatings can be treated
as representing data obtained on particles with LTI coatings. Furthermore,
one expects a dependence of the release rate coefficient on FIMA, which is

shown by the data of Fig, 4-16,

The choice of the mean curve is somewhat arbitrarily made by using the
curve for the 8.5% FIMA case as shown in Fig. 4-16. The uncertainty asso=-
ciated with the mean curve is based on the standard deviation of a single

estimated value of the dependent variable,

For failed particles, no data are available; in accordance with the
assumption of the similarity of cerium and strontium, the same treatment
and factor that were applied to strontium for failed particles are also

applied to cerium,

Cerium Release From Intact TRISO Particles

As there are apparently no data for the case of cerium release from
intact TRISO particles, the corresponding curve and uncertainties appli-
cable to strontium release from intact TRISO particles can be used on the
assumption of a similarity between cerium and strontium in regard to

transport in particles,
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TABLE 4-12
RELEASE RATE COEFFICIENTS (R) FOR CERIUM RELEASE
FROM INTACT BISO PARTICLES

Temp. Percent

(°C) Frel FIMA R Data Source
1370 4.0 x 10-4 0 4.0 x 10-4 Ref. 4-21;
1700 5.0 x 1073 0 5.0 x 10-3 p. 104
2000 8.0 x 10~2 0 8.3 x 102

1100 1,5 x 1074 8.5 1.5 x 104 Ref. 23;
1250 5.1 x 10-3 8.5 5.1 x 103 pp. 105, 107
1500 2.4 x 10~2 8.5 2.4 x 1072

2000 4.7 x 1071 8.5 6.3 x 10”)

1100 8.0 x 10732 8.5 8.0 x 107>

1250 1.2 x 10-3 8.5 1.2 x 10‘3

1500 2.2 x 1073 8.5 2.2 x 107

1750 1.8 x 10~1 8.5 2.0 x 101

1300 (a) 4.0 1.3 x 1072 Ref. 4-24;
1400 (a) 4.0 1.6 x 10°% P. 62

1750 (a) 4.0 3.5 x 10*?

2000 (a) 4.0 1.0 x 10~

1300 (a) 4.0 1.6 x 10~4

1750 (a) 4.0 8.5 x 103

2000 (a) 4.0 7.1 x 10-2

(a)

R values are presented in Ref. 4-24.
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Barium Release From Intact BISO and Failed Particles

The data on intact particles for barium are given in Table 4~13 and in
Fig. 4-17; these data represent particles with carbide kernels and with
both HTI and LTI coatings. These data indicate no significant difference
between release rate coefficients for particles with LTI and HTI coatings,
but clearly exhibit (excluding Ref. 4-21 data) a dependence of the release
rate coefficient on FIMA. These statements provide the basis for consider=-
ing a similarity between barium and strontium (or cerium). Thus, as in the
case of strontium, all data are used to derive a mean curve for the release
rate coefficients for barium. Note that three of the data points included
in Table 4~13 were obtained by extrapolation of release~time data. The

derived mean curve is shown in Fig. 4~17.

The uncertainty associated with the mean curve is taken to be the same
as in the case of strontium; the 95% confidence bounds are shown in Fig.
4-17,

For failed particles, no data are available. Therefore, the same pro-
cedure as was used in the case of strontium was used for barium, i.e., an
increase in all values from the mean curve for release rate coefficients
for intact BISO particles by a factor of 8.2. The uncertainties are esti-

mated to be a factor of about 50,

Barium Release From Intact TRISO Particles

The data for barium release from intact TRISO particles are similar to
those for strontium and the treatment of the data for barium parallels that
used in the case of strontium. The data are given in Table 4-14; some of
the release fractions were obtained by extrapolation of release-time
curves., The data are plotted in Fig. 4-18; the legend for Fig. 4-18

summarizes the group classification,

The best representation of barium release rate coefficients from

intact TRISO particles is given by curve 2 of Fig. 4-18, which was derived

4-55



TABLE 4-13
RELEASE RATE COEFFICIENTS (R) FOR BARIUM RELEASE

FROM INTACT BISO PARTICLES

Temp. (a) Percent

(°0) Frel FIMA Coating R Data Source

1300 (b) 4.0 HTT 1.2 x 104 | Ref. 4-24;

1400 (b) 4.0 HTI 3.5 x 1073 | p. 62

1750 (b) 4.0 HTI 5.0 x 10™3

2000 (b) 4.0 HTI 1.4 x 10~1

1300 (b) 4.0 HTT 2.0 x 10™4

1750 (b) 4.0 HTT 1.4 x 10:3

2000 (b) 4.0 HTI 8.5 x 10

1100 <2 x 1073 | 24.0 HTT <2 x 1073 | Ref. 4-14;

1300 1.6 x 1071 | 24.0 HTI 1.7 x 10_, | p. 137

1300 2.7 x 10 8.5 HTI 2.7 x 10

1200 5.0 x 1075 | ~0 LTI 5.0 x 1072 | Ref. 4-163

1000 1.0 x 1073 | ~0 LTI 1.0 x 10™3 | p. 34

1370 .00x 1073 | ~0 - 4.0 x 10-? Ref. 4-21;

1700 1.3 x 10~1 0 LTI 1.4 x 107 p. 104

2000 .0 x 10=1 | ~0 LTI 3.6 x 10~1

1400 3.4 x 1074 | 0 LTI 3.4 x 1074 | Ref. 4-19;
p. 217

(a)

(b)

Values for 1 h.

R values are presented in Ref. 4-24,
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as in the case of strontium. Curve 4, which is from an earlier analysis,
is conservative with respect to curve 2 and, on this basis, is retained as
the reference curve. The uncertainty estimate, as in the case of stron-

tium, is given by a factor of about 50.

Release of Other Elements From Intact and Failed Particles

For elements other than those discussed above, there are no documented
data. The release rate constants for Rb, Sm, Eu, Zr, Nb, Mo, Tc, Pm, Nd,
Pr, ¥, Pd, Sn, La, Ru, Rh, Se, Br, Te, and Sb are selected from the data
presented here on the basis of the similarity of chemical or physical pro-

perties with the elements considered (see Figs. 4-2 and 4~3 and Ref. 4-7).

Summary of Release Rate Coefficient and Uncertainty Data

The release rate coefficients are calculated according to the equation
4
1og1OR = A -B [107/T (K)] . (4-2)

where A and B are constants as given in Table 4-15. To calculate the asso-
ciated uncertainties, standard deviation factors are employed. The stand~
ard deviation factor is defined by
S = e> (4-3)
where S is the standard deviation in loge R (the natural logarithm of R).
The standard deviation factors are given in Table 4~16. To derive 957%
confidence limits, the following equations are used:

Upper limit
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TABLE 4-15
PARAMETERS IN THE EQUATION FOR RELFASE RATE COEFFICIENTS

log,y R = A+ B[104/T(X)]

AS A FUNCTION OF TEMPERATURE

@ Intact BISO Intact TRISO Failed BI1SOP) | Failed TrISO(®)
Group Element (s) A B A B A B A B
1 Sr 1,550 | 0.521¢) |o.851 | -1.134 | 2.25D | Z0.521(D| 525D | _g 504D
2 Cs,Rb 2.81 -1.01 2.81 | -1.01 |6.19 ~1.15 6.19 ~1.15
3 Ba,Sm,Eu 2.28 ~0.782 ~2.03 |-0.625] 3.19 -0.782 |3.19 -0.782
4 Ce 5.21 ~1.242 0.851 | -1.134 | 6.12 ~1.242  ]6.12 -1.242
5 Xe -1.95 | -0.452 ~1.95 | -0.452] 3.28 ~0.856 | 3.28 ~0.856
6 Kr -1.951 | -0.452 ~1.951 | -0.452 | 3.18 -0.768 | 3.18 ~0.768
7 Zr,Nb,Mo,Tc 0.851 | -1.134 0.851 | -1.13416.12 -1.242  |6.12 -1.242
8 Pm,Nd,Pr,Y,Pd,Sn,La | =1.951 | ~0.452 0.851 [-1.134|6.12 ~1.242  |6.12 ~1.242
9 Ru,Rh ~1.951 | -0.452 0.851 | ~1.134]6.12 -1.242 | 6.12 -1.242
10 Se,Br,Te,Sb, I -0.951 | -0.452 -0.951 | -0.452 | 3.366 | -0.796 |0.8736 | -0.599
(a)The group classification is that shown in Figs. 4-2 and 4-3,

(b)

each group are the same for failed BISO and failed TRISO.

()

Current values are A = 4,23, B = ~-0.937.

(d)

Current values are A = 5,14, B = -0,937,

Except for group 10, the parameters for

The factors for failed BISO and failed TRISO are applied to reference particles with failed
coatings (i.e., failed fertile particles with BISO coatings and ThO, kernels and failed fissile
particles with TRISO coatings and dense UC, kernels).



TABLE 4-16
STANDARD DEVIATION FACTORS (Sp) FOR THE RELEASE RATE COEFFICIENTS

9%

SF = es; S = standard deviation in logg R(a)
SF
Group (b) Element (s) Intact BISO | Intact TRISO |Failed BIS0(€)| Failed TRISO(C)

1 Sr 5.4 10.0 5.4 5.4

2 Cs,Rb 3.0 3.0 2.0 2.0

3 Ba,Sm, Eu 5.4 10.0 10.0 10.0

4 Ce 10.0 10.0 10.0 10.0

5 Xe 4.7 4.7 41D 5.1(@
6 Kr 4.7 4.7 4.1(@ 41D
7 Zr ,Nb,Mo, Tc 10.0 10.0 10.0 10.0

8 Pm,Nd,Pr,Y,Pd,Sn,La 4.7 10.0 10.0 10.0

9 Ru,Rh 4.7 10.0 10.0 10.0
10 Se,Br,Te,Sb, I 4,7 4.7 1.7 2.7
(a)

Note that logarithm to the base 10 is used in Table 4-15 but in this table logarithm
to the base e is used.

(b)The group classification is that shown in Figs. 4-2 and 4-3.

(C)The factors for failed BISO and failed TRISO are applied to reference particles with failed
coatings (i.e., failed fertile particles with BISO coatings and ThO, kernels and failed fissile
particles with TRISO coatings and dense UCys kernels). Except for group 10, the factors for each
group are the same for failed BISO and failed TRISO.

<d)The values are slightly larger than reported in Ref. 4-9,



Lower limit

TASK 600: COOLANT IMPURITY/CORE MATERIAL INTERACTION

Subtask 610: Reaction of Coolant Impurities with Fuel Material

Work on this subtask during the past quarter included: (1) measure-
ments of the expansive force due to hydrolyzing ThC2 and (2) setup and
checkout of equipment for measurements of the rate of hydrolysis of irra-

diated carbide fuel.

The former experiment utilizes equipment and procedures given in Ref.
4~4, 1In this test the internal pressure of hydrolyzing ThC2 fuel samples
contained by graphite crucibles is continuously measured using a load cell.
Water concentrations of from 1000 to 30,000 ppmv in helium and temperatures
of 200° to 700°C are utilized. The measured pressure can then be related
to graphite stress and will be used to establish criteria for steam ingress

and fuel element design.

The apparatus for monitoring the rate of hydrolysis of Th02 and UC2
utilizes both thermogravimetry and gas analysis techniques. 1In this test
the rate of uptake of moisture of a sample of carbide fuel is measured with
a sensitive recording microbalance. Simultaneously, the rate of evolution
of gaseous products, hydrogen, and/or hydrocarbons is continuously moni~-
tored with a gas chromatograph. Parameters of primary importance in this
study are (1) degree of burnup in the sample of fuel materials, (2) mois-
ture concentration, and (3) temperature. Thus far, experiments on unirra-
diated UC2 have been performed and emphasis has been placed on measurements
on small fuel samples consisting of a few fuel particles. This is of

importance because only relatively small amounts of irradiated fuel can be

handled in this apparatus due to the high radiation involved,
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TASK 900: FORT ST. VRAIN CHEMISTRY SURVEILLANCE

Subtask 940: Fort St. Vrain Coolant Impurity Surveillance

Summary

During the recent steady operation of the Fort St. Vrain HTGR at 28%
power, gaseous impurity concentrations have in general been below the tech-
nical specification limits for full-power operation. Using the GOP com-
puter code, good correlations are found between calculated and measured
concentrations indicating that radiolysis-induced chemical reactions con-
tributed largely to the specific mixtures of impurities in the primary

circuit,

Introduction

Primary coolant impurities were monitored during the recent 7-week-
long steady operation of the reactor at 28% power (December 10, 1965
through January 30, 1977). During this period coolant impurities were
observed to decrease to relatively low levels compared to those observed in
the initial rise to 277 in July 1976. For example, the steady-state con-
centration of oxidizing impurities (CO + CO2 + HZO) was typically below 10
ppmv, which is the technical specification limit for full-power operation.
The low impurity concentration was due to the excellent operation of the
purification system and to diminished steady sources of impurities such as
outgassing of primary circuit components, Transient impurity sources have
occurred, however, which caused occasional spiking of certain impurity
concentrations., These transient sources have been identified as (1)
injection of emergency water to the circulator bearings via the accumula-
tors, (2) pump-up of PCRV pressure from helium storage, and (3) changes in

power Or core temperature,

Computer analysis of the impurity data is being performed with the use
of the GOP code by G. L. Tingey and W. C. Morgan of Battelle Pacific North-

west Laboratory. The GOP code is used to calculate steady—-state impurity
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concentrations in the HTGR by considering core geometry, temperature, flow
rate, pressure, and ten chemical reactions (four thermal and six radioly-
tic). The purpose of this effort is to determine to what degree chemical
reactions control the impurity concentrations in the Fort St. Vrain HTGR.
Details of the capability of the GOP code and the analysis of the initial
rise to 277% power are given in the previous quarterly (Ref. 4-2). The
present GOP analysis is much improved over that reported in Ref., 4~2
because of certain changes and corrections which have been made to the

code, A discussion of the GOP analysis follows,

Results and Conclusions of GOP Analysis

During the current quarter, errors were found in the manner in which
the GOP code computed some of the radiolytic reactions. These errors were

corrected, and other relatively minor adjustments were made in the code.

In these studies, there are some parameters that must be inferred from
the gas compositions because of the lack of input data. For example, there
is no way of knowing the rate of steady inleakage of H20 into the coolant
gas. In these startup tests it is assumed that some portion, and perhaps
most, of the impurity comes from outgassing of the reactor graphite and
other components. Therefore, for these calculations the HZO inleakage rate
was set such that the total oxygen content (H20 + CO + 2C02) equalled the

measured value.

During the early tests conducted in July 1976, the hydrogen purifica-
tion system was not operating effectively and even during the last test
(28% power), there appears to be some source of hydrogen other than water
vapor (total H2 > total Q). Therefore, in these calculations the hydrogen
purification rate was adjusted such that at steady state the H2 added to

the coolant would equal the H2 removed in the purifier:

Leak rate of HZO purification of all hydrogen species

(4-6)

P.F.[H20] + 2P.F.[CH4] + P.F.(Hz)[HZ]
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o ) Lk HZO - P.F.{HZO} - 2P.F.[CH4]
T (H,) [HZ]

) = computed purification factor of H2

_ purification flow
4 coolant inventory

P.F., = purification factor of H 0, CH

2

Using the above assumptions and the input data for GOP given in the
previous quarterly report (Ref. 4-2), the gas compositions for various
power levels up to 287 power were calculated. The calculated compositions

are compared with measured compositions in Table 4-17,

It is interesting to note that the predicted values are in reasonably
good agreement with the measured compositions for all power levels. The
main exception is the low calculated CO compositions. In the GOP model,
the primary source of CO is the thermal reaction of HZO with carbon. How-
ever, at the temperatures of these tests, the contribution from this
reaction is significant only at the 287 power level, and even there yields
only 18% of the measured value., In the absence of thermal reactions, CO is
only formed by the radiolytically induced water gas shift reaction (CO +
H,0 +~ CO

2 2
and these are partially offset by the reverse shift reaction. To predict

+ HZ) and the carbon dioxide - graphite reaction (CO2 + C - 2C0),

the high CO levels observed from these reactions, unreasonable G values for
the radiolytic reactions would be required. The source of the CO composi-
tion is, therefore, uncertain at this point. Several sources appear pos-
sible: (1) CO is outgassing from the core slowly and continuously, (2) the
thermal reaction is contributing more CO than expected, and (3) the radiol-

ytic reaction of HZO with C yields both CO and C02.

In actual fact, more than one of these possibilities may be involved.
Carbon monoxide outgassing will undoubtedly make a contribution during the
lower power experiments; however, it would not appear to be a feasible

explanation during the 6-week operation at 287% power. At this power level,
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TABLE 4~17
MEASURED AND CALCULATED GAS COMPOSITIONS DURING FORT ST. VRAIN STARTUP

27% Power 7.5% Power 11.47% Power 19.5% Power 27% Power 28% Power
GOP Measured GOP Measured | GOP Measured | GOP Measured | GOP Measured GOP Measured

H,0, ppm 32 30 53 50 36 34 98 100 77 80 4.4 2.7
CO, ppm 0.0002 0.2 0.008 1 0.01 1.5 0.1 2 0.3 3 0.2 1.7
€07, ppm 0.4 0.7 2.4 3 2.1 2.5 8.2 6 9.6 7 0.5 0.6
HZ’ ppm 14 22 21 25 22 33 68 80 37 30 3.1 10.5
CHQ, ppm 0.1 0.3 0.5 1.2 1.0 2 5.1 3.5 2.9 3 0.3 0.5
Outlet 240 240 330 330 390 390 450 450 500 500 610 -
temperature,
°C
H,0 leak 0.09 - 0.17 - 0.12 — 0.45 - 0.04 - 0.025 -
rate, 1b/h
Ho/HyO 0.05 - 0.18 - 0.11| -~ 0.09| ~-- 0.37| -- 0.18 -
purification
rate(a)

(a)Ratio of Hp

purification flow to main purification flow.



it appears that the contribution from the thermal reaction has been under-

estimated. One is tempted to conclude from the analogy with the thermal
steam=-graphite reaction that both CO and 002 would be formed in the radiol-
ytic process. This conclusion, however is not verified by experiment (Ref.
4-32)., A more conclusive answer to this problem will require data at

higher power levels and temperatures.
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9. HTGR FUEL DEVELOPMENT AND ENGINEERING
189a NO. 00551

TASK 100: TFUEL PRODUCT SPECIFICATION

The ThO2 BISO portion of the draft Fuel Product Specification support
document was reviewed at ORNL and at GA and work continues on the remainder
of the document.

TASK 200: ACCELERATED IRRADIATION TESTING

Subtask 210: Fresh Fuel Qualification

Summary

The postirradiation examination (PIE) of capsule P13T was continued

during the reporting period., The following items have been completed:

1. The irradiation-induced dimensional fuel rod changes have been
determined and compared with predicted values. The results indi-
cated that the irradiation~induced strain in P13T £fuel rods is
anisotropic and that the observed dimensional changes are less

than predicted.

2. A significant portion of the metallographic evaluation of P13T
fuel rods has been completed. The high porosity in the OPyC
coating is suspected of enhancing matrix/OPyC interactions, which
led to high OPyC failure in UC2
1300°C cell. These results coupled with those of P13R and P13S

TRISO fissile particles in the

capsules indicates that an OPyC surface porosity on the order of
32 uk/g PyC or less will be needed to minimize OPyC-matrix

interactions,



With OPyC failure as high as as 70%, only 3% of the SiC coating
failed at a fluence of 3.5 x 10%° n/mz. In the BISO ThO, and
TRISO WAR particle batches where the degree of OPyC coating
failure was much lower (<2.6%), failure of the total particle

coating was always less than 17 up to maximum exposure conditions
25 2 °

[8 x 10° n/m” (E > 29 fJ)HTGR and 1300°C].

The P13T dosimetry analysis was completed and indicates that the

fast and thermal fluences were approximately 117 less than the

capsule design values, resulting in a maximum fast neutron expo-

sure of 8 x 10%° n/m% (E > 29 £J).

The dimensional changes of the H-451 and TS=~1240 graphite cruci-
bles agree well with predicted changes based on graphite irradi-

ation capsule results.

The postirradiation fission gas release measurements were com-
pleted on all removed P13T fuel rods. The results are in fair
agreement with the previous measurements on P13T fuel bodies

prior to removal of fuel rods.

The push-out shear stress from P13T cure~in-place (CIP) fuel rods
was determined. The results indicate a higher push—out force is

required for H-451 than for TS~1240,

The postirradiation examinations of HT~31 and HI-33 were completed.

The results were as follows:

1,

No pressure vessel failure was observed in the TRISO ThO2 par-
ticles irradiated at 1200°C, but high failure was observed in the
1500°C sample. An analysis is under way to determine the cause
of the high failure in the 1500°C sample. The entry of moisture

into the capsules is suspected as a possible cause.
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2, A range of failure rates was observed in the BISO ThO2 particles
at both 1200° and 1500°C. The outer coating anisotropy (BAFO)
appears to have a strong effect. At a BAF0 greater than 1.05,
the samples exhibited high failure at both 1200° and 1500°C.

Capsule P13T

Introduction., Capsule P13T is the ninth in a GA series of LHIGR 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 UC2 (VSM) and BISO ThO2
particles] irradiated at 1300°C. Cell 2 is an evaluation test of reference
fresh fuel and recycle figssile fuel [TRISO UCxOy (WAR) particles] irradi-
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

irradiated to a peak fast fluence of 8 x 1023 n/m? (E > 29 £J) A

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

The postirradiation examination of P13T was started on September 10,
1976, Approximately 90% of the hot cell work on P13T has now been com-
pleted. Work is continuing on the analysis of the broad range of data gen-
erated by this PIE. Some of these results are presented in the discussions

which follow,.

Irradiation-Induced Dimensional Changes in P13T Fuel Rods. The mean

irradiation-induced diametral, axial, and volumetric changes are plotted in
Figs. 9~1 through 9~3. The range for the predicted dimensional and volu~-

metric changes is also shown on these plots.

Dimensional changes were predicted using the SHRINK computer code.
The model assumes that the particles in the fuel rod are in point-to-point
contact (close-packed array) and the fuel rod dimensional change is iso-
tropic. It is also assumed that the percent volume change of a fuel rod

during irradiation is equal to the percent volume change of the constituent
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particle types weighted by their respective volume fractions. The percent
linear dimensional change of the rod is equal to one~third the percent

volume change and is calculated using the following equation:

% 8D/D, = 1/3 }; X, (AL, (9-1)

where % AD/DO
% AV/V
o

X,
i

percent diameter change of the fuel rod,

percent volume change of the ith particle type,

particle volume fraction of the ith particle type.
Two general trends are evident from Figs., 9-1 through 9-3:

1. Irradiation—~induced strain in fuel rods is anisotropic (axial and

diametral strains are unequal).

2, Observed bulk volume changes are less than predicted using the

SHRINK computer code.

In general, fuel rod anisotropy in P13T is such that axial strain
undergoes less contraction than radial strain for 1100°C exposure. This
trend is consistent with the observations in capsules HT-24 and HT-25 (Ref.
9-2) and capsule P13Q (Ref. 9~3). Strain anisotropy for P13T fuel rods is

arbitrarily defined as:

At = ty = tp . (9-2)
where At = % strain anisotropy,
t, = % axial strain (100 x AL/%),
£ = % diametral strain (100 x AD/D).

Figure 9-4 is a linear regression plot of At versus fast fluence for
rods tested in capsule P13T. The wide scatter in the data in Fig. 9-4 is
attributed to the large uncertainty in preirradiation measurements; viz,

the 957 confidence bounds on the mean diametral and axial strains are
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typically *0.47 (absolute) and *2.57% absolute, respectively. The trend in

anisotropy in Fig. 9-4 is reversed for fuel rods tested in cell 1 at a

nominal peak design temperature of 1300°C. The bias in these rods

indicates that the axial strain underwent contraction relative to the

radial strain,

Metallographic Evaluation of P13T Fuel Rods. Nine fuel rods irradi-

ated in graphite bodies 1, 2, and 4 have been sectioned longitudinally and

polished to the midplane. Table 9-1 summarizes the results of the TRISO

coated fissile and inert particle evaluation. Table 9-2 summarizes the

results of the BISO coated fertile particle evaluation. The most signifi-

cant P13T PIE results which impact on particle design considerations are

summarized as follows:

Fissile Particles

1.

High OPyC failure (3.9% to 70.47%) occurred on TRISO coated fis—
sile particles tested at a nominal peak design temperature of
1300°C. This failure correlates strongly with evidence of

matrix/OPyC interactions, e.g., OPyC tearing.

The maximum fission product attack observed in SiC layers in
TRISO coated VSM U02 particles tested at a peak fuel rod design
temperature of 1300°C was 4 to 5 um. This observation is con-
sistent with the kinetics of fission product attack developed
from out-of-pile tests. Figures 9-5 and 9-6 are representative
metallographic cross sections of VSM UC2 fissile particles tested
at a nominal peak fuel rod design temperature of 1300°C.

WAR particles (U-C ) tested at a peak fuel rod design

2,92"%.64
temperature of 1100°C did not show an optically active IPyC layer
under polarized light. This is taken as evidence that the con-
centration of fission products beyond the kernel phase is
markedly reduced when compared to VSM UC2 particles tested under

comparable conditions. However, a fine dispersoid (V2 to 3 um in
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TABLE 9-1
SUMMARY OF P13T METALLOGRAPHIC RESULTS O TRISO COATED FISSILE AND INERT PARTICLES

Irradiation Conditions Results of Metallographic Examination
Nominal Peak Cracked IPyC 1PyC sic Sic+ Opyc Severely
Particle Batch Fuel Rod Fast Fluence No. of Or Consymed | Debonded | IPyC Coatin; Coatin, Sic OPyC OPy oPyC Tear And Facete
Data Retrieval|Capsule | Design Temp. (1025 n/m?) Particles Buffer'? From SiC | Failed Reaction%b) Reaction%c) Failure | Failure Tear?d) Failure | Failure Particle‘®
Number Position °c) (E > 29 £1) ypor| Examined ) (%) (%) (%) (%) %) %) (€3] %) %) €3]
Triso Coated VSM UC2 Particles
6$151-12-015 1B4 1360 7.7 102 1.0 14.7 1.0 100 46.1 g 0 [ 0 3.9 0 0
6151-12-015 4a1 1100 4.6 96 1.0 2.0 86.5 0 0 0 2.1 0 ND<U
6151-17-025 1ct 1300 3.5 98 38.8 1.0 100 23.5 3.1 3.1 3.1 70.4 3.1 1.0
6151-17-025 1C4 1300 7.7 91 [¢] 14.3 97.8 40.7 1.1 1.1 19.8 54.9 18.7 4.4
6151-17-025 2a1 1100 8.0 170 6.5 21.2 0 48.8 ¢ 0 0 0 [¢] 0 ND
Triso Coated War U.c2.92.00.64 Particles

6157-02-015 2c1 1100 8.0 * 106 60.4 0 [} 4 0 0 0 0.9 0 0 ND

2¢2 1100 7.6 150 56.7 0 0 0 0 0 0 0 0 0 ND

4c1 1100 4.6 77 29.9 0 0 0 0 0 0 0 0 0 0

4C4 1100 3.0 116 53.4 1.7 (] g [ 2.6 0 2.6 2.6 0.9 6.9

Triso Coated Inert Particles

6351-01-020 1B4 1300 7.7 69 ND ND ND ND ND ND ND 4] 30.4 ND

11 1300 3.5 63 0 58.7 ND

1c4 1300 7.7 132 3.0 47.0 0.8 ND

2Aa1 1100 8.0 157 ND 0.6 ND ND

2c 1100 8.0 . 143 ND 0 ND ND

2C2 1100 7.6 128 ND 0 ND ND

4A1 1100 4.6 58 ND 0 ND ND

4C1 1100 4.6 56 ND 0 ND ND

(a)

buffer layer reacts with the Kernel.

(b)
(c)
{d)

Classed as any degradation of OPyC layer other than faillure.

(e)Generally defined as particles with an aspect ratio >2:1.

p

= not determined.

Particles which exhibited large concentrations of metallic fission products in the IPyC laver.

Buffer layers in VSM UC, particles are characterized as either cracked or not; hodever, buffer layers in WAR U*C

2 9'00 6 particles are characterized as consumed when >50% of the

Particles which exhibited metallic fission product attack of the $iC layer up to 5 um penetration; attack of <! um was not observable.

~
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TABLE 9-2
SUMMARY OF P13T METALLOGRAPHIC RESULTS ON BISO COATED FERTILE PARTICLES

Irradiation Conditions Results of Metallographic Examination
Buffer OPyC Severely
Particle Batch Nominal Peak Fast Fluence No. of Cracked | Cracked | Debonded OPyC OPyC Tear and Faceted
Data Retrieval | Capsule | Full Rod Design Temp. (1025 n/m?) Particles | Kernel | Buffer | From OPyC | Tear(a) | Failure | Failure Particle (b
Number Position (°c) (E > 29 £I)yrcg | Examined ) (%) (%) (%) (%) (%) (%)
6542-27-015 1C1 ' 1300 3.5 156 1.3 0 5.8 0 0 o] 1.9
6542-27-015 H A 1300 7.7 156 0.6 0 2.6 0.6 0 0 0.6
6542-27-015 2A1 1100 8.0 268 8.5 0.7 27.6 0 0 0] npfe)
6542-27-015 2¢1 1100 8.0 116 6.0 0.9 15.5 0.9 0 0 ‘ ND
6542-29-015 4C4 1100 3.0 144 0 1.4 22.2 0 0 0 ND
6542~31-015 4C1 1100 4.6 266 0.8 [¢] 26.7 0 0 0 ND
6542-32-015 1B4 1300 7.7 167 0 0 0 0.6 0. 0.6 0
6542~33-025 2c2 1100 7.6 371 3.2 1.1 22.6 (4] 0. 0 0.3
6542-35-015 4A1 1100 4,6 265 1.5 0.4 16.2 0 0 0 1.9

(a)
(b)
(c)

Classed as any degradation of OPyC layer other than complete failure.
Generally defined as particles with an aspect ratio 22:1,

ND = not determined.



L7630-228

Fig. 9-5.

L7630-229

Metallographic cross section of VSM fissile particle (batch
6151-17-025) in fuel rod 1C1. Depicts OPyC failure and

figsion groduct concentration for an exposure of 1300°C and
3.5 x 10%° n/m? (B > 29 £3) oo
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L7630~230

Fig. 9-6. Metallographic cross section depicting fission product attack
in a fissile particle (batch 6151-17-025) in fuel rod 1C1;
1300°C and 3.5 x 1025 n/m? (E > 29 £3)..00



extent near the SiC interface) was present in some WAR particles.
When observed, the position of this phase bore no consistent
relation to the thermal gradient and is apparently randomly dis-
tributed about the inner SiC interface. Figures 9-7 and 9-8 are
representative metallographic cross sections of WAR

fissile particles tested at a nominal temperature

U+Cy 92700, 64

of 1100°C and to a fluence of 7.6 x 1025 n/m2 (E > 29 fJ)HTGR'

Fertile Particles

1. No OPyC failure was observed in the "near reference' BISO coated
particle design (batch 6542-27-015) exposed to a nominal peak
fuel rod temperature of 1300°C and a fluence of 7.7 x 1025 n/m2

(E > 29 fJ)HTGR (see Fig. 9-9).

2. OPyC failure in batch 6542-33-025 was 0.8%. This batch had a
mean OPyC thickness of 66 um with a standard deviation of 7 um.
If it is assumed that all failure occurred in the thin coating
portion of the thickness distribution, the failure implies a
critical limit of 49 pym. These data provide support for a
critical limit in fuel product specifications of OPyC thickness.
As a point of comparison, the mean reference BISO coated OPyC

thickness currently specified is 80 um and the critical limit is

46 um.

OPyC Failure on TRISO Coated Fissile Particles. Previous evidence

based on the HRB~4, -5, and -6 PIEs (Ref, 9-4) indicates that in some

instances premature OPyC failure can result from excessive matrix/coating
interactions. An increase in particle-matrix bond strength is equivalent
to potentially subjecting the OPyC layer to a greater tensile component.
The tensile component exerted on the OPyC layer is a result of the differ-
ential volume contraction between the TRISO coated particle and the sur-
rounding matrix phase. In previous work, failure of particles in fuel rods
was correlated with irradiation conditions (temperature and fluence), as

well as structural properties of the matrix (ratio of binder coke weight to
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100 um
L7630-73

ig. 9-7.

100 um

L7630~74

Metallographic cross section depicting morphology of WAR kernels
(UCp,9°00,6) in fuel rod 2C2 (batch 6157-02-015); nominally 1100°C
and 7.6 x 1025 n/m2 (E > 29 £9) prer



Fig. 9-8.

beerd
30 um

L7630-109

Metallographic cross section depicting fission product
distribution in WAR fissile particle (U:Cy 9:0g.g) located
in fuel rod 2C2 (batch 6157-02-015); nominally 1100°C and
7.6 x 10%° n/m? (E > 29 £1),




L7630-216

L7630-217

Fig. 9-9. Metallographic cross section of BISO coated fertile partlcle
in fuel rod 1C4 (batch 6542-27-015); 1300°C and 7.7 x 1025 n/m?

. (E > 29 £3)yron



matrix surface area) (Ref. 9-4). However, the most significant property
variation capable of explaining differences in OPyC failure between P13T
and other capsule tests was microporosity in the OPyC layer. TRISO coated
fissile particles tested in capsules P13R and P13S had OPyC microporosity*
values of <32 uf/g OPyC and there was no evidence of matrix/OPyC inter-
actions in these batches, However, four of the fuel rods examined in the

P13T PIE showed evidence of matrix/OPyC coating interactions.

Figures 9-10 through 9-12 are metallographic cross sections of typical
interactions observed. Tearing in Figs. 9-10 and 9-11 is described in
terme of the OPyC fracture morphology; i.e., the crack opens at the OPyC
surface and propagates inward. Figure 9-12 is a more descriptive photomi-
crograph which depicts a BISO particle (partially torn) with a TRISO coated
OPyC fragment adhered. The presence of an interface phase is taken as evi-
dence that the matrix partially impregnated the OPyC layers of both par-
ticle types.

Figure 9-13 is a series of metallographic cross sections depicting the
microporosity present in preirradiated OPyC layers of TRISO coated fissile
particles tested in capsule P13T. It should be noted that two batches had
a preirradiated microporosity of 58 ul/g OPyC and one batch had a micro-
porosity of 43 ul/g OPyC. The outer OPyC region (V5 to 10 um) in all
fissile particle batches was characterized as being substantially porous.

The increase in porosity in the OPyC layer has two deleterious effects:

1. Allows for a more tenacious bond to form between the OPyC and

matrix.

2. Degrades the fracture strength of the OPyC layer.

Results from the P13R and P13S experiment indicate that a micropo-

rosity equivalent to <32 ul/g OPyC will provide satisfactory performance.

*Measured by Hg intrusion at 0,069 MPa (10 psi).



L7630~423

Fig. 9-10.

hef
%
R .

L7630-424

17630-425

Metallographic cross section of fuel rod 1C4 (batch 6151-17-025);
1300°C and 7.7 x 1025 n/m? (E > 29 fI)prgr. Depicts localized
tearing and OPyC failure in TRISO fissile particle.



L7630-311

L7630-313

Fig. 9-11. Metallographic crosg section of fuel rod 4C4 (batch 6157-02-015);
1100°C and 3.0 x 102> n/m® (E > 29 £J)yrgr. Depicts torn OPyC
layer on TRISO coated U-C, 99°90.64 kernel.
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) L7630-420 L7630-421

17630-422

Fig. 9-12. Metallographic cross section of fuel rod 1C4 (batch 6351-01-020);

1300°C and 7.7 x 1023 n/m2 (E > 29 £J) HTGRe Depicts localized

interaction between BISO particle (batch 6542-27-015) and TRISO
inert particle.
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MP74024~6

(Not currently determined)

(58 ul/g OPyC)
(a)

(b)

MP74073-10

Fig, 9-13.

(58 ut/g OPyC) MP74068~10 (43 uiig OPYC)

(ed ()

Metallographic cross sections depicting porosity in pre-
irradiated OPyC layers on TRISO coated fissile particles:
(a) batch 6151-12-015, (b) batch 6151-17-015, (c) batch

6151-17-025, and (d) batch 6157-02-010. OPyC porosity
referenced in parentheses.
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P13T Dosimetry Results. The analysis of the thermal (Va-Co) and fast

fluence (Va-Fe) dosimeters has been completed. Results indicate that the
fast and thermal fluences experienced by P13T were approximately 11%Z less
than the design values. A third-order least-squares fit was performed on
these data to establish equations for fast and thermal fluences and fast
and thermal fluxes., The flux and fluence values were fit in an equation of

the form:
2 3
f(x) = a + bx + ex* + dx . (9-3)

where x is the distance from the bottom of the core. The values for the
coefficients are presented in Table 9~3. The calculated P13T fuel rod fast

and thermal flux and fluence values are shown in Table 9-4,

A comparative plot of the actual and design P13T fast and thermal
fluence data is shown in Fig. 9-14. This figure indicates that the shape
of the design axial fast flux curve for the Oak Ridge Reactor (ORR) is well
known, but that the design axial thermal flux curve is apparently somewhat

uncertain, especially at the top and bottom of the ORR core.

P13T Graphite Dimensional Changes. The measured graphite dimensional

changes for P13T fuel crucibles have been previously reported (Ref. 9-5).

A comparative analysis has been performed on these data to determine if the
P13T observed graphite dimensional changes were of the same order as had
been previously determined (Refs. 9~6 and 9~7) for these graphites. The
results are shown in Figs. 9-15 through 9-17 for the H-451 and TS-1240
graphites used in P13T. The curves shown in these figures indicate the
established values based on graphite irradiation capsule results. The data
points shown are from P13T crucibles. (The fluence values have been cor-
rected to account for the final P13T dosimetry results discussed in the
previous section. The temperatures shown are subject to correction when

the final P13T thermal analysis is completed.)
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TABLE 9-~3
P13T DOSIMETRY COEFFICIENTS FOR EQ. 9-3 COEFFICIENTS

a b c d
Thermal flux 0.60 | 0.26 | -0.018 | 2.70 x 107%
Thermal fluence | 1.88 | 0.81 | -0.056 | 8.48 x 107%
Fast flux 0.75 | 0.46 | -0.034 | 6.34 x 107%
(E > 29 fJ)HTGR
Fast fluence 2.36 | 1.45 | -0.108 | 1.99 x 107>
(E > 29 fJ)HTGR
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TABLE 9-4
P13T FUEL ROD FAST AND THERMAL FLUXES AND FLUENCES

Distance
Fast
from Thermal (E > 29 £3)
Bottom HTGR
of Core Flux Fluence Flux Fluence
Rod No. (cm) (x 1019 n/m2-s) | (x 1025 n/m2) (x 1019 n/m2-s) (x 1025 n/m2)

1-1 2.03 0.8 2.49 1.10 3.45
1-2 5.08 1.05 3.28 1.54 4.84
1-3 9.65 1.34 4.19 2.04 6.42
1-4 15.75 1.58 4,95 2.44 7.67
2-1 25.37 1.66 5.22 2.57 8.04
2-2 30.38 1.59 4,99 2.44 7.64
3-1 37.06 1.39 4,39 2.14 6.69
3-2 42.06 1.19 3.76 1.85 5.77
41 47.75 0.92 2.91 1.50 4,64
4-2 50.80 0.76 2.42 1.32 4.05
43 53.85 0.60 1.92 1.14 3.49
44 56.90 0.43 1.41 0.99 2.98
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Fig. 9-14. EOL fast and thermal fluences for capsule P13T
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Fig. 9-15. Dimensional change of H-451 graphite in the radial

directional as a function of fast fluence - capsule

P13T
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Fig. 9-16. Dimensional change of H-451 graphite in the axial direction
as a function of fast fluence - capsule P13T
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Fig, 9-17. Dimensional change of TS-1240 graphite as a function of fast
neutron fluence - P13T capsule
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It is not expected that these data are sufficiently accurate to add to ‘
the H-451 and TS-1240 data base, but it is interesting to note that reason-
able agreement exists between the P13T data and the already established

data for graphites H-451 and TS-1240,

P13T Fission Gas Release Data. As part of the PIE of capsule P13T,

fission gas release measurements were made on the fuel bodies and individ-
ual fuel rods contained in the capsule. The Kr-85m R/B values obtained for
all four fuel bodies were reported earlier (Ref. 9-5). After disassembly
of the fuel bodies, the fuel rods were submitted for individual R/B

measurements,

Table 9-5 lists the fuel rods tested and the resulting Kr-85m R/B at
1100°C. Only two of six rods from body 3 were submitted for fission gas
release measurements. The equivalent U-235 loading given in Table 9-5 .
takes into account the contribution from U-233 plus U-235 remaining in the

fuel rods at end-of-life.

As discussed in Ref. 9-5, the R/B measurement on fuel body 1 was made
at room temperature due to failure of the heating element in the TRIGA King
furnace. Therefore, a temperature dependence study was performed on fuel
rods from body 1 to obtain a correction factor to be applied to the room~
temperature data. Table 9-6 shows the results of the temperature depend-
ence study on all 1B rods in body 1. Fission gas release was measured from
all four rods at room temperature and 1100°C on the same day. A repeat of
the 1100°C measurement was made 24 hours later to determine the effect of
consecutive TRIGA irradiations on the apparent steady~-state birth rate., As
can be seen in Table 9~6, this effect was small and therefore the 1100°C
R/B values were averaged. Rod 1B1 was an exception in that the repeat
1100°C measurement was a factor of 20 lower, possibly indicating a problem

in collection of the released fission gases.,

Rod 1B4 was the only rod showing significant release at room tempera-
ture., The R/B was found to increase by a factor of 11 between the room .

temperature and 1100°C measurements. This correction factor, while lower ‘
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TABLE 9-5
R/B VALUES FOR INDIVIDUAL FUEL RODS IRRADIATED IN CAPSULE P13T

Equivalent
Fuel Fuels Chemistry Branch | U-235 Loading | Kr-85m R/B
Rod No. Identification No. (mg) at 1100°C
1A1 7298-138 123.1 2.44 x 107°
181 7299-12 121.9 6.25 x 107°
1c1 7299-37 123.1 1.01 x 107
12 7298-139 94.5 5.70 x 107°
182 7299-13 95.2 6.29 x 10°°
1C2 7299-38 95.2 5.24 x 107°
1A3 7298-140 159.0 1.46 x 1072
183 7299-10 159.7 1.90 x 107°
1C3 7299-16 158.9 5.79 x 1070
14 7298-141 146.1 3.99 x 107>
1B4 7299-11 146.5 1.05 x 107%
1c4 7299-17 146.6 5.21 x 107°
2A1 7298-143 87.1 9.68 x 107>
281 7299-35 85.7 5.08 x 107°
2¢1 7298-149 86.9 2.22 x 107
242 7298-144 97.2 1.58 x 107>
282 729936 95.5 2.33 x 107
262 7298-150 93.1 3.66 x 10°°
381 7299-39 106.9 7.11 x 107>
382 7299-40 133.5 4.02 x 107°
4A1 7298-145 112.6 6.03 x 107°
4B1 7299-31 112.1 4.99 x 107°
41 7298-151 112.7 8.42 x 1070
4A2 7298-146 113.6 3.55 x 107°

9-31




TABLE 9-5 (Continued)

Equivalent

Fuel Fuels Chemistry Branch | U-235 Loading | Kr-85m R/B
Rod No. Identification No. (mg) at 1100°C
4B2 7299-32 112.4 3.65 x 1078
4C2 7298-152 114.5 8.91 x 107/
4A3 7299-23 147.2 5.57 x 107
4B3 7299-25 145.8 1.44 % 1070
4C3 7299-33 145.9 1.85 x 107°
4AL 7299-24 196.9 6.37 x 10°°
4B4 7299-26 196.8 4.08 x 107’
4C4 7299-34 192.7 5.15 x 1077
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TABLE 9-6
R/B TEMPERATURE DEPENDENCE FOR P13T CELL 1 FUEL RODS

Fuel Chem. Equiv. U~235
Branch Ident. Temp., Loading Kr-85m
Number Number Date Time (°c) (mg) R/B
1B1 7299-2 10/28/76 | 0918 RT 121.9 <107’
7299-4 10/28/76| 1109} 1100 6.25 x 10°°
7299-12 10/29/76 | 1101| 1100 3,33 x 107/
1B2 7299-3 10/28/76 | 0918 | RT 95.2 <107’
7299-5 10/28/76 | 1109| 1100 6.99 x 10°°
7299-13 10/29/76 | 1101} 1100 5.58 x 10°°
1100  avg. 6.29 x 107°
1B3 7299-6 10/28/76 | 1317 1100 159.7 2.32 x 107
7299-8 10/28/76 | 1507 | RT <107’
7299-10 10/29/76 | 0923 1100 1.47 x 107>
1100  avg. 1.90 x 1072
184 7299-7 10/28/76 | 1317 1100 146.5 1.19 x 10°%
7299-9 10/28/76 | 1507 | RT 9.18 x 10°°
7299-11 10/29/76 | 0923 ] 1100 9.05 x 107°
1100  avg. 1.05 x 104
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than would be calculated based on past experience, was used to correct the

room temperature R/B value obtained from body 1.

Table 9~7 shows a comparison of the in-pile R/B and postirradiation
TRIGA R/B values obtained for each cell. The average R/B values found for
individual rod measurements for each fuel body are included. The postirra-
diation TRIGA values for the fuel body and the individual rod averages show
reasonably good agreement with the exception of body 3. However, only two
of the six rods in body 3 were tested individually. For the other three
bodies, the fuel body and average rod values were within a factor of two

for the TRIGA tests,

A comparison of the in-pile end-of-life R/B and postirradiation TRIGA
R/B on the fuel bodies indicates a higher release for the TRIGA tests. As
shown in Table 9-8, the end-of-life TRIGA R/B for cell 1 when corrected for
estimated volume—-average temperature was found to be a factor of 7 higher
than the in-pile release value. The in-~pile release measurement for cell 2
was a composite of fuel bodies 2, 3, and 4. Applying corrections for esti-
mated volume-average temperature and fissions per crucible results in an
R/B for Kr-85m for cell 2 of 9.7 x 10—6. This is a factor of approximately
3 higher than the in-pile release. Corrections for final dosimetry need to
be made to the in-pile release values, and the TRIGA crucible Kr-85m R/B
measurements need to be corrected for the actual in-pile volume=-average
temperatures before a final comparison of the in-pile and TRIGA data can be

made.

P13T Fuel Rod/Fuel Hole Gaps and Shear Stress. A comparison has been

made between the preirradiation and postirradiation shear stress as a func-
tion of graphite type, fuel rod/fuel hole gap, and matrix type. The
results are shown in Table 9-9. Analysis of these data indicates a
stronger bond exists between the fuel rods and the surrounding H-451 grap-
hite (Great Lakes Carbon Corporation) than between the fuel rods and the
TS-1240 graphite (Union Carbide Corporation). This effect holds true for
both the preirradiation and postirradiation data, as shown in Table 9-9.

Since the bond results from the cure-in-place (CIP) processing, different
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TABLE 9-7
COMPARISON OF IN-PILE AND TRIGA R/B MEASUREMENTS

Kr-85m R/B
Cell Body In-Pile TRIGA (a) Individual Rod
Number | Number | at Cell Temp. | at 1100°C Average at 1100°C
_ = (b -
1 1 1.6 x 10°° 71 % 105 | 3.3 % 107
2 2.8 x 1075 | 2.2 x 1070 3.5 x 10'5(d)
2 3 — 1.3 x 107° 5.6 x 10
4 - 4.4 x 1078 7.0 x 1078
(a)

The R/B values shown for bodies 2, 3, and 4 are slightly

higher than those given in Ref. 9-5 due to a correction for
collection efficiency.

(b)
(c)

and 4.
(d)

R/B temperature corrected to 1100°C.
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TABLE 9-8
COMPARISON BETWEEN FINAL IN-PILE AND CRUCIBLE TRIGA R/B MEASUREMENTS

Estimated
Final In-Pile
Volume-Average

Cell Final In-Pile Cell Temp. Crucible Kr-85m R/B
Number Kr-85m R/B °c) at Same Temp.
1 1.6 x 107> 1230 (@) 1.6 x 10‘5( )
~-6(b -6 LC
2 2.8 x 10 6(b) 1080¢® 9.7 x 107°

(a)Subject to correction when the P13T thermal analysis
has been completed.

(b)The release from cell 2 was a composite of crucibles
2, 3, and 4.

c .
( )Average for crucibles 2, 3, and 4 corrected for
temperature and fissions per crucible.
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TABLE 9-9

COMPARISON OF P13T PREIRRADIATION AND POSTIRRADIATION FUEL ROD SHEAR
STRESS AS A FUNCTION OF GRAPHITE TYPE, FUEL ROD/FUEL HOLE GAP,

AND MATRIX TYPE

Pre—
Irrad. Pre~ Post- Post-
Fired Irrad. Irrad. Irrad.
Radial Shear Radial Shear
Fuel Rod Graphite | Matrix Gap Stress Gap Stress
Column No. Type Type(a) (mm) (kPa) (mm) (kPa)
1A H-451 1 0.043 122.7 0.099 76.5
1B 2 0.039 108.2 0.104 60.7
1c \ 3 0.036 34.5 | 0.102 | 55.2
2A TS-1240 1 0.042 90.1 0.137 .0
2B 1 0.046 45.5 0.097 .8
2C L 1 0.051 81.4 0.137 .8
3B H~451 2 0.042 90.3 0.097 73.8
LA TS-1240 3 0.045 29.6 0.218 2.8
4B I 3 0.061 29.6 0.241 .0
4C 3 0.043 29.6 0.211 .2
(a)

Matrix 1 is 30 wt % Asbury 6353 natural-flake graphite flour,

65 wt % A-240 pitch, and 5 wt % octadecanol. Matrix 2 is 38 wt %

Lonza KS-15 graphite flour, 47 wt % A-240 pitch, 5 wt % polystyrene,
Matrix 3 is 38 wt % Lonza KS-15 graphite

and 10 wt % octadecanol.
flour, 57 wt %4 A-240 pitch, and 5 wt % octadecanol.
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matrix types might be expected to affect the bond. However, examination of
the data for the three matrix types used in P13T does not generally support
this theory. Currently, data from other capsule irradiation experiments

are being examined to determine if a stronger bond exists for CIP fuel rods

processed in H-451 graphite as opposed to TS-1240 graphite.

Capsules HT-31 and HT-33

Capsules HT-31 and HT-33 are part of the continuing HT-capsule series,
which is a cooperative effort between GA and ORNL. The uninstrumented cap~
sules were the first to test TRISO and BISO coated ThO2 particles fabri-
cated in the pilot plant 240-mm~diameter coater. The OPyC coating proper-—
ties of these particles were varied. The samples were irradiated at design
temperatures of 1200° and 1500°C to fluences and burnups beyond peak LHTGR

conditions. A detailed description of the capsules is given in Ref. 9-8.

Capsules HT-31 and HT-33 were discharged from the HFIR reactor on June
16, 1971 and October 21, 1971, respectively. The capsules were disassem-~
bled and the fuel samples were examined at the hot cells at ORNL. Each

sample was examined under a stereomicroscope,

The TRISO ThO2 particle samples were irradiated in both capsules. The

irradiation conditions and the results of the visual examination are pre-
sented in Table 9-10. The 1200°C samples irradiated in HT-31 and HT-33 to
25 2
>
a fluence of 4.1 to 8.3 x 10°7 a/m” (E 29fJ)HTGR

9,17 FIMA exhibited zero pressure vessel failure (both the OPyC and SiC

and a burnup of 4.9 to

coating failed) and low OPyC coating failure (£3.8%). High pressure vessel
failure was observed in the 1500°C samples irradiated to a fluence of 7.4
to 10.4 x 1025 n/m2 (E > 29 fJ)HTGR and a burnup of 8.2 to 12.8% FIMA.
Lower failure was usually detected in samples located at the ends of the
1500°C magazines in HT~31 and HT-33, indicating the temperatures may have
been lower. It should be noted that only the nominal particles from each
parent batch were tested, which means that low pressure vessel failure in a

capsule sample would not necessarily imply low failure in the parent batch.
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TABLE 9-10

PARTICLE DESCRIPTION AND COMPARISON OF RESULTS OF TRISO Tho; SAvPLES(®)
OF CAPSULES HT-31 AND HT-33

Particle Properties Variables(C) HT-31 Samples HT-33 Samples
Char;
Slge OPyC Coatang
Nominal Coating § Density (Mg/m%) Fast oPyC Pressure Fast oPyC Pressure
’ Kernel Coater (kg of Coatang OPyC F%encez Coatang | Vessel @ F%gencez Coating | Vessel ()
arent Batch | Diameter | Size Heavy Liquad Rate ® Coating | Bulk Charge (104° n/m?) Burnup | Failure { Failure (1042 n/mé) Burnup | Failure I‘axaure
urber (um) (mon) Metal) Gradient JBulk | (um/min) BAPO Rate Density Saze €>29 f‘nHTGR {3 FIMA) (£ ~29 fJ)mGR (% FIMA) (%) 3
1200°C Magazine (Design)
6252-05-015(%) 500 127 1.8 1.85 1.66 4.5 1.026 Low Meduum  §Small 5.9 6.7 0 0 7.1 7.5 0 o
6252-06-015 450 240 11.0 1.74 1.59 5.0 1,033 Low Low Large 4.6 54 0 6.2 6.5 0 0
6252-06-025 450 240 6.6 1.70 1.57 5.6 1.038 Low Low Small 4.8 5.6 0 0 0.8 7.1 3.8 0
6252-07-015 450 240 13.2 1.81 1.59 5.9 1.042 Low Low Large 5.3 6.1 3.7 0 7.6 8.1 0 0
6252-07-025 450 240 6.6 1.80 1.65 5.3 1.041 Low Medium Small 5.5 6.3 1.9 0 7.9 8.5 ¢ 0
6252-08-015 450 240 6.6 1.89 1.73 5.9 1.045 Low High Small 4.1 4.9 0 0 5.9 6.2 0 0
6252-09-015 450 240 5.5 1.78 1.59 7.5 1.036 Hagh Low Small 6.1 6.9 1.9 0 8.3 9.1 0 0
6252-10-015 450 240 5.5 1.98 1.75 8.4 1.052 Hagh Hlﬂ Small 6.5 7.2 1.9 0 $.3 5.6 ¢ 0
1500°C Magazine (Design)

6252-05-015(5) 500 127 1.8 1.85 1.66 4.5 1.026 Low Medium Small 8.1 8.9 ) 94.1 10.4 12,5 [¢3] 100
6252-06-015 450 240 11.0 1.74 1.59 5.0 1.033 Low Low Large 7.4 8.2 4 0 10.1 12.1 ) 100
6252-06-025 450 240 6.6 1.70 1.57 5.6 1.038 Low Low Small 7.6 8.4 (f) 11.7 10.2 12.2 (£) 100
6252-07-015 450 240 13.2 1.81 1.59 5.9 1.042 Low Low Large 7.7 8.5 () 82.5 9.8 11.5 [63] 98.7
6252-07-025 450 240 6.6 1.80 1.65 S.3 1.041 Low Medium Small 7.9 8.6 (€3] 38.5 9.9 11.7 (€3] 100
6252-08-015 450 240 6.6 1.89 1.73 5.9 1.045 Low High Small 8.1 8.8 f) 80.0 10.4 12.8 €3] 27.58
6252-09-015 450 240 5.5 1.78 1.59 7.5 1.036 Hagh Low Small 7.9 8.7 €3] 94.9 9.4 11.0 ) 51.3
6252-10- 015 450 240 5.5 1.98 1.7% 8.4 1.052 High High Small 8.0 8.8 £) 53.2 10.4 12.6 (€3] 98.7

@)y samples were screened, demsity separated to parent batch average and heat treated at 1800°C for 30 minutes in Ar.
)Measured with Seibersdorf optical anisotropy urnat using 24 um carcle.

(C)Word descriptions are relative to these particle batches only.

(d)Based on visual examination.

(e)Thls sample was previously tested in capsules HT-28 and HT-29.

OPvC failure with pressure vessel failure was not observed.



Also, the sample sizes are small and, therefore, the uncertainty in the

failure fractions is relatively high.

The results of the TRISO ThO2 samples are discussed below. The
irradiation performance of particles fabricated in a prototype 127-mm-
diameter coater and the pilot plant 240-mm—-diameter coater was similar.
The OPyC coatings having a range of properties performed acceptably at
1200°C., Although high pressure vessel failure occurred in the high-
temperature magazines of capsules HT-31 and HT-33, the irradiation condi-
tions were severe and the cause of the failure cannot be determined until
further analysis is performed. The failure fractions will be correlated
with particle performance model prediction to compare the performance to
that of previously irradiated particles. The 1500°C results may be clouded
by the fact that ORNL detected corrosion of exposed SiC coatings of the
driver fuel in capsules HT-31 and HT-33 (Ref. 9-9). It is possible that
the OPyC coating failed initially in the TRISO particles and then the SiC

coating was degraded by corrosion, causing increased SiC coating failure.

The BISO ThO2 particle samples were irradiated in capsule HT-33. The
irradiation conditions and the results of the visual examination are given
in Table 9-11., The OPyC coating failure (same as pressure vessel failure
for BISO particle) ranged from O to 59% for the 1200°C samples irradiated to
a fluence of 5.3 to 8.3 x 1025 n/m2 (E > 29 fJ)HTGR
9.1%Z FIMA. The 1500°C samples exhibited O to 957 failure after irradiation
to fluences of 9.4 to 10.4 x 1025 n/m2 (E > 29 £J)
to 12.87% FIMA.

and a burnup of 5.6 to

HTGR and burnups of 11.0

The results of BISO coated ThO2 particles are described below. The
irradiation performance of particles fabricated in the small- and large~
diameter coaters was similar, as it was for the TRISO particles. Two types
of diluent gases were used for the deposition of the OPyC coating. Inert
diluent gases (NZ’ Ar, and He) have been used primarily at GA in the small~-
diameter coaters. H2 dilution appeared to produce a more uniform OPyC
coating for the large coater batches, Capsule HI-33 was the first experi-

ment to test OPyC coatings deposited using H2 diluent gas. The initial
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TABLE 9-11

DESCRIPTION AND RESULTS OF VISUAL EXAMINATION OF

BISO ThO; SAMPLES(8) IN CAPSULE HT-33

Variables Results of Visual Ixam
Process OPyC Coating
Capsule Sample Irradiation Conditions -
Initial | OPyC Density (Mg/m3) Heat-Treatment OPyC
Coater Load Coating — Coating Condition ) Fast }ZT%Uenc%(eJ @ 1. c g‘;?;’;g
Sample Number %;S %ltzi Dlé::nt G&elig;%gt Bulk | Rz/i;?n) BAF. ®) PAs-Coated ] 1650°C(S) gap§u;e @ | L FARIN e 1\2;3;?:125 %
ample g i, ° oate: l 'osition (E > 29 f‘nHTGR (% FIMA)
12009C Magazine (Design)
6542-39-0161-001 240 20 Np 1.98 1.92 3.9 1.079 X 2 5.3 5.6 38 7.9
6542-40-0161-001 240 13 Hp 1.74 1.67 5.8 1.043 X 4 5.9 6.2 41 0
6542-40-0261-001 240 13 Hp 1.77 1.70 5.8 1.038 X S 6.2 6.5 41 0
6542-40-0260-001 240 13 Hy 1.77 1.69 5.6 1.038 X 7 6.8 7.1 41 0
6542-27-0161-001 (5 | 127 2 Ar 1.8 | 1.78 | 4.2 1.041 X 8 7.1 7.5 40 0
6542-29-0261-001 240 20 Ny 1.96 1.89 4.4 1.081 10 7.6 8.1 39 59.0
6542-41-0161-001 240 13 N2 2.02 1.93 5.5 1.081 X 11 7.9 8.5 40 35.0
6542-41-0160-001 240 13 N2 2.00 1.93 5.6 1.060 X 13 8.3 9.1 40 30.0
1500°C Magazine (Design)
6542-29-0261-002 240 20 Ny 1.96 1.89 4.2 1.081 X 15 9.4 11.0 55 89.1
6542-27-0161-002(8) | 127 2 Ar 1.86 | 1.78 | 4.2 1.041 X 17 9.8 11.5 57 0
6542-41-0161-002 240 13 Ny 2.02 1.93 5.5 1.081 X 18 .9 11.7 56 94.0v
6542-41-0160-002 240 13 N2 2.00 1.93 5.4 1.060 X 20 10.1 12.1 56 Lost
6542-39-0161-002 240 20 N2 1.98 1.92 4.1 1.079 X 21 10.2 12.2 54 92.6
6542-40-0161-002 240 13 Hz 1.74 1.67 5.7 1.043 X 23 10.4 12.5 58 91.4
6542-40-0261-002 240 13 Hy 1.77 1.70 5.6 1.038 X 24 10.4 12.6 56 0
6542-40-0260-002 240 13 Hy 1.77 1.69 5.7 1.038 X 26 " 10.4 12.8 58 17.2

(a)l\ll samples were screened and density separated to the batch average demsity.

(b}

(heat treated at 16509C for 90 minutes in Ar.

@ The number designates the axial position in capsule; the mumbers increase consecutively toward the bottom of capsule
(relative to the reactor core).

(Q)chign values.

(£ Batch previously tested in capsules HT-28 and HT-29,

Measured with Seibersdorf optical anisotropy umit using 24 um circle.



results indicate the irradiation performance of OPy(C coatings made with H2
and inert gas diluents was comparable. The OPyC coating failure is plotted
as a function of fast fluence in Fig. 9-18. This figure indicates a fluence

dependence although there is a great deal of scatter in the data points.

The most influential effect on the coating failure appears to be ani-
sotropy. Figure 9-19 is a plot of coating failure as a function of anisot-
ropy. This figure shows that all samples which had a OPyC coating optical
anisotropy (BAFO) of greater than or equal to 1,06 exhibited high failure
at both 1200° and 1900°C., All these samples had a high OPyC density. The
failure is attributed to the irradiation-induced dimensional change of the
OPyC coating due to the high anisotropy rather than the high density (Ref.
9-10). All samples which had an OPyC BAFo £1.04 exhibited zero failure at
1200°C and a range of failure at 1500°C, These samples included the par-
ticles with the OPyC coating deposited using H2 dilution., Some failure
would be expected in the high—temperature samples since the particles were
irradiated to burnups which were 307 to 457 higher than the peak LHTGR
burnup, and higher temperatures produce higher OPy(C coating failure (Ref.
9-11). The reason for the large differences in failure in the 1500°C BISO
samples with BAFO £1.04 is not known; this difference will be evaluated

during further analysis.
TASK 300: INTEGRAL FUEL SYSTEM TESTING

Subtask 310: Peach Bottom Fuel Test Elements

Differential Thermal Expansivity Measurements for H~327 Graphite
Strips From Peach Bottom Fuel Test Elements

Summary. Five thin strips from Peach Bottom fuel elements FTE-5 and
FIE-6 were submitted for a heatup experiment in order to establish the sen-
sitivity of irradiation-induced thermal expansivity changes and to find a
possible explanation for the fact that four of these five strips experi-

enced residual bow in a direction contrary to prediction.
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Fig. 9-18. Total coating failure of BISO ThO, samples irradiated in
capsule HT-33 as a function of fluence
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For all five cases, the presence of a larger coefficient of thermal
expansion (CTE) at the location of the hotter fiber of the strip during
irradiation was unambiguously established. All five strips showed abnor-
malities in thermal strain starting at furnace temperatures above 600° to
800°C, which are possibly annealing effects when reaching irradiation
damage temperatures. This can be explained either by a sudden recovery of
larger irradiation-induced shrinkages at the hotter fiber or a partial
recovery of larger irradiation-induced reduction of thermal expansivity at

the cooler fiber.

The established amount of differential CTE was found to be larger than
present predictions and in some cases in the opposite direction. This is
not unexpected, considering the second-order nature of a differential
effect and the high sensitivity to irradiation temperatures. The magnitude
of the shutdown stress component due to measured differential CTE was found
to be equal to, or larger than, the amount due to temperature gradients
along the cross section of the tested strip. Mean CTE measurements on sam-
ples taken from the same strip and differential expansivity measurements on
the complete strip by the described method are a good means for estab-

lishing shutdown stresses independently of other methods.

Residual stresses® should be derived from residual bow measurements.,
By this means operational stresses prior to shutdown could be established.
Because of the inverse direction of the bow, compressive operational
stresses were deduced at the hottest fiber of the strip, where tensile
stresses are predicted based on the well established dimensional changes of
the material. Any contribution from the thermal expansivity toward this
abnormality was ruled out by the described sensitivity experiment. The
cutting mode of the saw is suspected as a possible cause. The cutting
characteristics of the saw will be examined using irradiated graphite as

the inversion in bow was found to increase with irradiation exposure.

*0nly differential stresses between the inner hotter and cooler outer
fiber are discussed.
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Experiment Description. An experiment was conducted on five thin

strips obtained from the destructive stress examination of Peach Bottom
fuel test elements. One end of the strips was cantilevered inside a
horizontal furnace, which had glass windows at the front and rear. The
deflection of the free end of the strip was photographically recorded
during heatup to 1000°C and subsequent cooldown.

Figures 9-20a and 9-20b show one of the strips at furnace temperatures
of 84° and 1000°C, respectively. From the auxiliary grid in the photo-
graphs, a lateral movement of the free end in the direction of the original
bow of the strip can clearly be identified. The plane of the bow was
approximately horizontal in order to eliminate gravitational effects. A
slight inclination in the longitudinal direction was required for better
vigibility. An additional but smaller movement of the strip in an upward
direction can be seen from a comparison of Figs. 9-20a and 9-20b. This
movement is apparently due to a slight asymmetry in the cross section of

the strip. Only the lateral movement of the strips was analysed.

The deflection of the five strips versus furnace temperature is given
in Figs. 9-21 and 9-22. The measurements have been corrected for parallax
and scale. The nominal graduation of the photographed scale is 1 mm, the
actual scale was calibrated as 0.9878 mm, and the parallax factor was
0.8636, which resulted in a conversion factor of 0.8531 from the photo~-

graphed to the actual scale at the plane of the free end of the strip.

The precision of the photographic measurements was assessed as (Ref,

9-12)

p = t— (1o) (9-4)

vi2n

where e is the smallest graduation of the scale and n is the number of

measurements taken, This resulted in

p = 20.246 mm
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Fig. 9-20.

FTE-5 strip 5-2-1-1 heatup experiment:

(a) furnace temperature 84°C
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Fig. 9-20.

FTE-5 strip 5-~2-1-1

heatup experiment:

(b) furnace temperature 1003°C
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Fig. 9-21. FTE~5 thin strip heatup experiment, differential
deflection versus furnace temperature: (a) body
2, hole 3
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Fig. 9-21. FTE-5 thin strip heatup experiment, differential

deflection versus furnace temperature: (b) body
2, hole 1
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for a single measurement, as shown in Figs. 9-21 and 9-22.

A preliminary calibration of the furnace was done with an unirradiated
strip which did not show lateral movement. The calibration will be
repeated in conjunction with a temperature field determination. The pres-
ent analysis is based on a nominal furnace temperature, i.e., isothermal
conditions are assumed., In the likely event of axial temperature buckling,
the presently deduced sensitivity of the thermal expansivity between the
inner and outer fibers of the strip with regard to the center of the tele-
dial graphite fuel bodies, from where the strips were cut, will increase.
The inner fiber is the concave side of the strip cross section, as shown in
Fig, 9~20b, This side was part of the fuel hole surface and was therefore
the hotter fiber during irradiation. The nominal strip dimensions of the

thin strips were:

Length, Zo 457.2 mm (18.0 in.)

Width, w 8.99 mm (0.35 in.)

Min. thickness, t . 5.59 mm (0,22 in,)
min

Mean thickness, t 5.84 mm (0.23 in.)

Max, thickness, t 7.11 mm (0.28 in.)
max

The analysis was based on an idealized strip with a rectangular cross
section (width t x thickness w). Circular bending was assumed, which gives
a deflection at the free end four times larger than the maximum bow (arc-

to-chord displacement):

f = 4h »

where £ is the deflection and h is the bow. The experimental arrangement

took advantage of this magnifying effect.

Data Evaluation. The experiment was designed to identify the direc-

tion and approximate magnitude of a differential CTE along the cross sec-

tion of an irradiated strip. A difference in CTE between the inner and
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outer fibers will result in a differential strain during isothermal heatup

of the strip:

2t6f

g = (9-6)

(ST S
®

The differential deflection 6f is the observed change in deflection during
heatup. The sign convention is based on a larger CTE at the inner hotter
fiber, which results in a positive differential strain during isothermal
heatup for the inner fiber and consequently in a bow direction away from
the center of the fuel. All five measured strips unambiguously support
this assumption of a larger CTE at the inner fiber. This demonstrates a
lower reduction of the beginning-of-life CTE at a higher irradiation tem-

perature for the temperature range experienced by the five strips.

The differential strain can be divided by the differential temperature,

which results in a differential CTE:

_6e 2t  of _ 2t |
6CTE-—(—S~T-- R Sale A PR (9-7)
QIO 2,0

The term O£f/8T is the first derivative of the deflection versus temperature
plot. Under a linearity assumption, this would be the slope a, of a linear

regression of the measurements presented in Figs, 9-21 and 9-22.

Three distinctive ranges can be recognized: (1) heatup, (2)
annealing, and (3) cooldown. The second range is distinguished from the
first by an abrupt change in slope, which is positive for all three strips
from FIE~5, This may be explained by annealing of irradiation-induced
dimensional changes, especially at the hotter inmer fiber (rather than a
differential CIE), which would begin when the end-of-life (EOL) irradiation
temperature is exceeded. During cooldown, the measured differential strain
is approximately the same as that during the heatup phase. Strips 5~2-1-1
and 5-3-1~7 (Figs. 9-21b and 9-21c) show a slightly steeper slope during

cooldown than during heatup, which supports a more isothermal temperature
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field and hence a more pronounced differential strain than during heatup.

(Strip 5-2~1-3 was not measured during cooldown; strips 5-2-1-1 and strip
5-2~1-3 were sister strips taken from the same graphite body.) Table 9-12
includes the EOL irradiation conditions as determined through an irradi-
ation simulation of the experiment with HTGR design codes. The predicted
EQOL temperatures (volume averages) are close to the so-called annealing
temperatures, determined as the intersection between the linear regression

analysis.

The two sister strips 6-2-2~3 and 6-2~2~5 taken from the center body
of FTE-6 again show an annealing range; however, no further increase in
strain is observed, but rather a leveling off (Fig. 9-223) or even a
decrease (Fig. 9-22b). In neither case was the predicted EOL temperature
reached when the change was observed. In both cases the slope during cool-
down isg lightly flatter than during heatup; this is contrary to a more .
pronounced differential strain in a more isothermal temperature field, as
postulated earlier and experienced for FTE-5. A partial reduction in dif-
ferential expansivity especially at the cooler outer fiber (rather than, or
in excess of, recovery from irradiation-induced changes) during the
annealing phase would be a possible explanation, which could also explain a
lower differential CTE during cooldown. The lack of agreement between the
predicted EOL irradiation temperature and the observed "annealing" tempera-
ture could have originated with the different temperature history of FTE-6
as compared with FTE~-5, Also, the Peach Bottom Reactor was run on a down-
ward transient during the last weeks of operation, which made predictions
of FEOL temperatures difficult. The "memory" of graphite with regard to a
representative irradiation damage temperature is also not fully estab-
lished., Strip 6-2-2-3 (Fig. 9-22a) shows recovery toward the original
deflection. The hysteresis of the strips can be established through

remeasurement of the deflection after cooldown.

Table 9-12 presents a summary of the differential CTE values deduced -
for the different ranges observed for the five strips., The 10 uncertainty
statements were derived from the standard error determined for the slope of -

the linear regression. The correlation coefficient was greater than 0.8
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for the three distinct ranges. The so-called annealing range is clearly
distinguished from the heatup and cooldown ranges and has been excluded
from further analysis. For comparison only, all measurements have been
combined to one estimate of the differential CTE, which resulted in rela-
tively low correlation coefficients, For further evaluation purposes, the
heatup and cooldown SCTE data have been pooled as the best estimate and
compared with predictions. Predictions are based on present design data
(Ref. 9-6) and temperature history simulations (Ref. 9-13). The following

data are taken from Table 9-12:

Fast Mean
Fluence Irradiation Measured Predicted
Fuel (1025 n/m2) Temperature SCTE/CTE SCTE/CTE
Element (E > 29 £I) °Cc) (% £ 10%) 3]
FTE-5, body 2 3.7 305 +7.1 = 1.3 -1.0
FTE-5, body 3 2.4 896 +2.6 * 0.4 +0,1
FTE~6, body 2 2.8 950 +5.9 £ 1.1 -1.7

The absolute mean CTE was taken from Ref, 9-13 and was corrected for
irradiation temperature and fluence. The temperature and fluence depend-
ences are presently being updated through additional measurements on con-
trol and irradiation samples, which should change the predicted differen-
tial CTE to a larger extent than the predicted mean CTE. The present data
basis identifies a minimum for the differential CTE at 900°C irradiation
temperature, which happens to coincide with the time-~weighted temperature
ranges established for the FTE-5 and FTE-6 strips. The observed disagree-

ment in sign and magnitude is therefore not surprising.

Stress Assessment. The absolute operational stresses for the strip

prior to cutting are predicted to be compressive with a stress gradient
toward the cooler outer fiber. Thermal shutdown stresses are superimposed.
The cutting operation releases the compressive axial stresses for the
neutral fiber and the differential stresses between inner and outer fibers

result in residual bow of the strip. The amount of axial stresses relieved
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can be determined from the length change of the neutral fiber. These meas-
urements have not been completed for the presented five strips. Measure-
ments from other strips confirm an extension of the neutral fiber, i.e.,
release of compressive stresses, Only the differential stresses in the

axial direction along the cross section of the strip are discussed below.

Being a second=-order effect, the impact of the measured differential
CTE on shutdown stresses has to be established. The same sign convention
as established earlier for strains is used: positive stresses at the inner

fiber are tensile, and negative stresses are compressive.

The strain at the inner fiber due to thermal stresses is determined by
two terms, one resulting from the temperature difference, 6T, between the
hot and cool fiber and a mean CTE, and the other from the differential CTE
and the temperature difference, AT, between the mean EOL operational

temperature and the shutdown temperature:

€epy = CTE ¢ 8T + SCTE » AT (9-8)
First Second
order order
term term

The proportion between both_terms has been established in Table 9~13
for all five strips and found to be about equal or slightly larger for the
second~order term. According to the present design data base, the differ-
ential CTE becomes negative for irradiation temperatures above 900°C, which
results in a reduction of shutdown stresses. The sensitivity of the ther-
mal expansivity has therefore a significant impact on shutdown stresses.
Measurement of absolute and differential CTE is a good means of estab-

lishing shutdown stresses independent of predictions.

In the unrelieved state (prior to cutting), the thermal strain results

in tensile stresses which are maximum at the hottest fiber:

g, = ¢ * E . (9-9)

9-59



09-6

TABLE 9-13

FTE-5 AND FTE-6 STRESS ASSESSMENT FOR INVERSELY BOWED STRIPS AT HOTTEST FIBERG”

Strip Material Properties Maximum Shutdown Strain Maximum Fiber Stresses, EOL Material Strength, EOL

Residual Elastic Mod., Ref, Measured o Thermal | Residual(d) Operational(d) Tensile Bending(e)
rdentifi- | Peflection, £(b) EgoLS) CTEL®) 8CTE €(CTE) | £(5CTE) e le(scrE)/e| othn Oresid Ooper ouTs oUBS
cation (in.) (109 psi) | 1078 deg™") [ (1078 deg~") | (1073 | (1073) | (10-5) &3] (psi) (psi) (psi) (psi) (psi)
5=2=1~1 ~0.5156 3.23 170.3 8.92 4,26 5.93 10.19 58 329 —1376 ~-1505 5111 6797
5-2-1-3 ~0.4523 3.23 170.3 13.63 4,26 9.06 13.32 68 430 ~-1031 ~1461 5111 6797
6~2-2-5 +0.0276 3.17 177.3 8.71 6.74 7.93 14,66 54 464 +61 -403 4990 6636
6-2~2~3 ~0,0786 3.17 177.3 12.10 6,74 11.01 17.74 62 562 ~178 -740 4990 6636
5=3~1-7 ~0,2132 3.22 176.5 4,54 3.53 3.25 6.78 48 218 ~492 -710 5106 6792

(a)

takes place in addition.

(b)

unreleased state.

(c)
(d)

From Ref. 9-6.

Difference in maximum deflection before and after cutting (f = 4 x bow).

Mean values for edge location within graphite log, axial directionm.

It is hypothesized that these compressive stresses are erroneous as a result of artificial deformation of the strips during cutting.

Only differential stresses between inner and outer fiber of thin strip are considered; release of axial stresses through extension of neutral fiber

Positive direction toward fuel coincides with tensile stresses in the

induced dimensional changes are higher for higher irradiation temperatures, which should lead to restraint shrinkage and consequently tensile rather than
compressive stresses at the hottest fiber.

(e)

A ratio of 1.33 between ultimate bending and ultimate tensile stresses was taken from Ref. 9-14,

The irradiation~-




The differential deflection f between the fuel body and the strip can be
converted to residual axial tensile stresses, which are the sum of opera-
tional and shutdown stresses. (The positive direction of bow or deflection

is defined as the direction toward the fuel.)

_t o f - E
resid 2 (9-10)
2
o
Goper - Gresid - Oth (9-11)

In four of the five cases, the observed residual bow of the strip was
in the direction away from the fuel, i.e., negative. The corresponding
residual stresses were therefore compressive. The resulting operational
stresses at EQL were compressive at the hottest fiber for all five evalu-

ated cases, The results are given in Table 9-13,

Dimensional changes in the axial direction are increasingly negative
with increasing irradiation temperatures. This results in significant
tensile stress at the hottest fiber. The stated amount of bow, its direc-
tion, and the resulting compressive stresses lack a possible explanation
from a material property basis, Thermal expansivity has to be ruled out

because of the evidence presented,

Distortion of the strip during the cutting process still remains a
possible explanation, which has to be evaluated. Inversion of the direc~
tion of bow has been found to increase with irradiation exposure. A param~
eter study on the cutting characteristics of the saw using irradiated

material is required.

Subtask 320: FSV Fuel Test Elements

The manufacture of FTE-7 and FTE-8 was completed in December 1976,
These elements were made from H-451 graphite machined by CEA Marcoule in
France. The fuel loaded in these elements was standard FSV segment 7

reload fuel.
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During the loading of these blocks, a considerable amount of surveil-
lance was accomplished. Approximately 2000 graphite measurements were made
and over 2500 fuel rods were measured. For each rod, two sets of three
diameter measurements and two length measurements were taken. This amounts

to over 20,000 data points taken on these two elements.

Similar programs are planned for FTE~1 through FIE-6., These elements

will be cured-in-place.

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

No conclusions to report.
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11. GRAPHITE DEVELOPMENT
189a NO, 00552

Graphites that will satisfy the requirements for LHTGR components are
being developed and evaluated. Characterization and irradiation studies to
establish reference and backup grades for fuel elements, core support com-
ponents, and side reflectors are in progress. Suppeort technology is being
developed to provide data for design and safety analyses. The support
technology studies include the mechanics of graphite strength, fatigue
behavior, structural integrity, analysis for impurity content, and oxida-
tion effects. Development of control materials is included in the long-

range program but no work is funded during FY-77.

Work has been completed on preproduction lots of graphite H-451, which
is the fuel element reference material, and current work is concentrated on
the first available production logs. Work has been suspended temporarily
on backup grades 80818 and TS-1240, 1Initial characterization work on
graphite grades for core support structures and side reflectors is in the
preliminary stage. This work is aimed at completing a preliminary charac~
terization data set, which should permit the selection of reference grades

for these components.

The irradiation work has been suspended during FY~-77 due to the

temporary closing of the ORR and will resume in FY-78,
Progress in support technology has been made in areas of determining

fatigue behavior, verification of stress calculation methods, and oxidation

effects.
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TASK 100: FABRICATION AND OPERATION OF IRRADIATION CAPSULES

Capsule 0G=5

Work on capsule 0G~5 remains suspended during the FY-77 shutdown of
the Oak Ridge Reactor. Assembly of the capsule will be resumed during the
final quarter of FY-77 in preparation for insertion in the Oak Ridge

Reactor early in FY-78.

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

Capsule 0G-3

The final topical report on the 0G-3 capsule (Ref. 11-1) was completed

and issued. An abstract of the report follows:

"This report documents the results of dimensional, thermal expansiv-
ity, thermal conductivity, Young's modulus, and tensile strength
measurements on graphite specimens irradiated in capsule 0G-3. The
graphite grades investigated included near-isotropic H~451 (three
different preproduction lots), TS-1240, and S0818; needle coke H-327;
and European ccal tar pitch coke grades PBJHAZN’ PBJHAN, and ASI2-500.
Data were obtained in the temperature range 823 K to 1673 K. The peak

25 n/m2 (E > 29

fJ)HTGR’ the total accumulated fluence exceeded 9 x 1025 n/m2 on some

fast neutron fluence in the experiment was 3 x 10
H-451 specimens and 6 x 10 n/m on some TS-1240 specimens.

Irradiation-induced dimensional changes on H-451 graphite differed
slightly from earlier predictions. For an irradiation temperature of
about 1225 K, axial shrinkage rates at high fluences were somewhat
higher than predicted, and the fluence at which radial expansion
started (about 9 x 1025 n/m2 at 1275 K) was lower. TS=1240 graphite
underwent smaller dimensional changes than H-451 graphite, while

limited data on S0818 and ASI2-500 graphites showed similar behavior
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to H-451, PBJHAN and P3JHA2N graphites displayed anisotropic behavior
with rapid axial shrinkage. Comparison of dimensional changes between
specimens from three logs of H-451 and of TS-1240 graphites showed no
significant log-to-log variations for H-451, and small but significant

log=to-~log variations for TS-1240,

The thermal expansivity of the near—isotropic graphites irradiated at
865 K to 1045 K first increased by 5% to 10% and then decreased. At
higher irradiation temperatures the thermal expansivity decreased by
up to 50%. Changes in thermal conductivity were consistent with pre-
viously established curves. Specimens which were successively irradi-
ated at two different temperatures took on the saturation conductivity

for the new temperature,

The fractional increase in Young's modulus as a function of irradi~
ation conditions was similar for all near-isotropic graphite speci-
mens, regardless of orientation or location in the parent log. The
tensile strength increased in a manner similar to Young's modulus, but
the exact relationship between strength and modulus was different for
different materials. The coefficient of variation of the strength

determinations was not significantly changed by irradiation.”

TASK 300: CHARACTERIZATION OF CANDIDATE GRAPHITES FOR PROPERTIES AND
PURITY

Replaceable Fuel and Reflector Elements

H-451 Production Logs

Current work is concentrated on production logs of H-451 manufactured
for Fort St. Vrain (FSV) fuel element reloads. Approximately 350 logs were
processed through the bake state during FY=-76 by GLCC and 98 of these logs
were further processed through graphitization and purification. The dispo-
sition of the 98 logs was discussed in the previous quarterly report (Ref.

11-2). Tensile testing has been completed on eight axial specimens taken
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at the approximate midlength center (MLC) of each log and on four radial

specimens taken from the end center (EC). The data have been analyzed and

a topical report (Ref. 11-3) was written to cover the work. A summary of

this report follows:

"Ninety-eight production logs of H-451 graphite, from three separate

extrusion lots, were sampled for tensile testing., Eight replicate

axial specimens from the midlength center and four replicate radial

specimens from the end center of each log were tested. The following

observations were made:

1.

The axial strengths (average value 12.7 MPa) showed wide
lot-to~lot and log~to-log variations, while the radial

strengths (average value 15.8 MPa) were more uniform.

There was no statistically significant correlation between
axial strength and radial strength in the same log, or
between strength and the position of the log in the grap~

hitizing furnace.

Acceptance criteria for assigning logs to a minimum strength
category should be based on axial tensile tests, and each
log should be sampled. A statistical model incorporating a
separate lot~to=-lot variance, log~to-log variance, and

within~log variance was adopted for this purpose.

Acceptance criteria for assigning a log to strength category
A [minimum strength 10.3 MPa (1500 psi)], B [minimum
strength 8.3 MPa (1200 psi)], or C [minimum strength 5.5 MPa
(800 psi)] were derived. Calculations were made for either
four or eight replicate specimens per log and for two alter—
native definitions of "minimum strength." The first defini-
tion would require 907 of the material at the midlength
center of the log to exceed the specified minimum strength,

with 90% confidence (90/90);: the second, more stringent,
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definition would require 997 of the material to exceed the
specified minimum, with 95% confidence (99/95).

5e The criteria were applied to the axial test data from the 98
logs. Using the 90/90 definition of minimum strength and
testing eight specimens per log, twe logs would fail to
qualify for category C while almost half of the logs would
qualify for category A.

6. Adoption of the more stringent 99/95 definition of minimum
strength would increase the number of logs rejected to 18;
the yield of logs accepted in each strength category would
fall slightly short of the requirements of a typical core

segment.,

7. Decreasing the number of tests per log from eight to four

causes a small reduction in the yields.

8. The differences in quality between the three extrusion lots
represented in the 98-log order have a clear effect on the
vields of logs in each strength category. Using the 99/95
definition of minimum strength, only two of the 56 logs in
the best lot (478) would be rejected and about 257 would
qualify for category A. This compares with a rejection rate

of about 40% for logs from the other two lots."

In conjunction with testing the strength of the 98 production logs, a
round-robin test program was carried out with GLCC to assure that tensile
and flexural test procedures at the two laboratories give equivalent
results, A log of H-451 was sampled and the specimens divided randomly;

one portion was tested by GLCC and a second portion by GA.



Summaries of the flexural and tensile data are given in Tables 11-1

and 11-2,% respectively. Comparisons and conclusions are given in Table

11-3, Full data sets are given in Tables 11-4 through 11-10., No signifi-
cant differences were found when GLCC and GA tensile tests were made with
cylindrical specimens; however, GLCC's tensile data averaged about 8% lower
when square dogbone specimens were used. Cylindrical flexural specimens
were about 137 stronger than square cross—section specimens. This experi-
ment assures that future tensile strength data, whether measured at GA or

GLCC, will be equivalent.

Side Reflector Graphite

Great Lake Carbon Corporation's grade HLM, an extruded graphite 1.14 m
in diameter by 1.83 m long, is under investigation as a candidate graphite
for side reflector blocks. One-~half of a HLM log has been characterized
and the results reported in Ref. 11-2, This log was a standard GLCC com-
mercial production log. A second "special production" log was purchased
from GLCC for delivery in March 1977. The special log was manufactured
under more controlled conditions than the regular commercial grade. The

special HLM log will be characterized in the same manner as the first log.

Core Support Floor Graphites

Union Carbide's grade PGX is under investigation as a candidate graph-
ite for core support floor blocks. Grade PGX is a molded graphite 1.14 m
in diameter by 1.83 m long. A full log (No. 6484-112, lot 805-3) was pur~
chased for characterization. A summary of the mean values of tensile and
compressive strengths of PGX was reported in Ref., 11-2, Flexural strength
data are summarized in Table 11-11. The complete data set is given in
Table 11~12. The uniformity of the PGX with respect to flexural strength

is excellent,

Core Support Post and Seat Graphites

Stackpole Carbon's (SC) grade 2020 and GLCC's grade H~440N are candi-

date materials for core support post and seat components. Grades 2020 and

*Tables appear at the end of Section 11.
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H~-440N are fine-grained isostatically molded graphites. Grade 2020 is
manufactured as logs 254 mm in diameter by 1.83 m long, and grade H-440N is
manufactured as a preproduction log with a cross section of 330 mm by 330
mm and a length of 1.83 m. Production logs of H-440N will be 254 mm in

diameter by 2.1 m long.

Grade 2020 was characterized first. The tensile, flexural, and

compressive strengths of 2020 were reported in Ref., 11-2,

Strength data for preproduction grade (log 6484-~81) H-440N are sum~
marized in Table 11-13. Complete data sets are given in Tables 11-14

through 11-16,

This H-440N log was weaker at the middle than at the top. The tensile
strength of radial specimens ranged from 10.4 MPa at the middle of the log
to 13.1 MPa at the top, and axial specimens ranged from 10.9 MPa at the
middle to 11.2 MPa at the top. Flexural and compressive strengths showed
the same gradient. This log, which was one of the first preproduction logs

in the development of grade H-440N, has a lower strength than grade 2020,
TASK 400: TFRACTURE MECHANICS (FORMERLY STATISTICAL STRENGTH STUDIES)

No work funded under this subtask in FY-77,.
TASK 500: TFATIGUE BEHAVIOR OF GRAPHITE

A series of ambient temperature uniaxial fatigue tests on PGX graphite
has been completed. Test procedures were the same as those reported
earlier for H-451 graphite (Ref. 11-3).

The previous two quarterly reports (Refs. 11-2 and 11-4) described
tests on radial specimens of PGX graphite tested with a zero-tension

loading cycle (R = 0) and with a tension-compression loading cycle (R = ~1)

and tests on axial specimens with R = 0. During the current reporting
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period, the tests were completed with a set of 50 fatigue tests on axial

specimens with R = -1, The data are tabulated in Table 11-17. .

Figure 11-1 shows the data plotted as the logarithm of the peak ten-
sile stress versus the logarithm of the number of cycles to failure. The
lower population tolerance limits calculated by statistical analysis are
included in the figures. The analysis included the single-cycle tensile

data but excluded the specimens which ran out beyond 105 cycles.

A summary of the endurance limits, normalized by dividing by the aver-
age tensile strength, is given in Table 11-18., For a given number of
cycles, the endurance limits are lower for the tests with R = -1 than with
R = 0, as found earlier with H-451 graphite (Ref. 11-3). The normalized
endurance limits are somewhat lower for axial specimens than for radial
specimens, The normalized endurance limits for PGX graphite are higher
than H~451 graphite tested under similar conditions (Ref. 11-3), indicating
better fatigue resistance for grade PGX. -

TASK 600: RDT AND ASTM GRAPHITE STANDARDS

This section concerns the writing of RDT graphite standards for HIGR
graphite component materials. ASTM standard work on nuclear graphite will
be monitored 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. Resolution

of remaining controversial issues is in progress,
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Core Support and Side Reflectors

Work has been suspended on standards for core support posts, core
support blocks, and side reflector graphites until E6-1 is resolved.

Drafts will not be submitted for review at this time.

TASK 700: TRRADIATION~-INDUCED CREEP IN GRAPHITE

This work is funded at ORNL.

TASK 800: STRUCTURAL INTEGRITY OF GRAPHITE BLOCKS

Summary

In the previous quarterly report (Ref., 11-2), large differences were
reported between analytical and experimental strip cutting results.
Experiments in which strips were heated indicated that the temperature
dependence of the irradiated thermal expansivity of H-327 graphite needs
better definition. However, lack of precise thermal expansivity data could
not account for the discrepancies in the strip cutting results. The possi-~
bility of the strip cutting technique inducing strain in the graphite

strips is currently under investigation.,

Diametral compression tests were conducted on unirradiated test ele-
ments. Maximum loads at failure and the load-~deflection relations of six~
hole and eight-~hole teledial elements were determined. Analytical calcula-
tions were obtained through the finite element idealization of a linear
elastic model. The results were used to estimate the maximum stresses at
failure and will also be used to interpret data from tests of geometrically

identical specimens of irradiated graphite.

Evaluation of Primary Loading Tests

Diametral compression tests to failure were performed on 61 six-hole

and 43 eight-hole unirradiated H~327 teledial disks. Finite element models
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of a one-quarter sector of each type of specimen are shown in Figs. 11-2
and 11-3, Twelve of the 43 eight-hole teledial disks were tested after
pressure burst tests had been performed on holes 2, 4, 6, and 8, which led
to failure of the webs as shown in section 2 in Fig. 11-3. The disks that
had been altered by previous pressure burst tests are represented approxi-
mately by the mesh in Fig. 11-4, The section which fails first during

loading is shown as section 1 in Figs. 11-2 through 11-4.

Load~-Deflection Relation

Typical results of load-deflection curves selected from all 20-mm-
thick specimens are given in Figs, 11-5 and 11-6. Nonlinearity is appar-
ently not pronounced before the failure load is reached. The average ini-
tial slopes of the load-deflection curves were measured to be 0.46 mm/kN
for six-hole teledial disks (Fig. 11-2), 0.72 mm/kN for eight-hole teledial
disks (Fig. 11-3), and 2.76 mm/kN for eight-hole teledial disks without

center portions (Fig. 11-4).

Linear elastic stress calculations were performed for the three types
of disks with the GTEPC program (Ref. 11-5). Young's modulus and Poisson's
ratioc were assumed to be 4.4 GPa and 0.117, respectively. The ratios of
deflection to load were calculated to be 0.24 mm/kN for the six~hole tele-
dial disks, 0.50 mm/kN for the eight~hole disks, and 1.79 mm/kN for the
eight-hole disks without the center portions. The measured displacement is
40% to 927 higher than the calculated values. The Instron machine used for
the tests will be recalibrated to show if this can account for the

discrepancy.

Failure Stresses

The average failure loads obtained from the load-deflection curves of
the 20-mm-thick specimens were 1,023 kN for six-hole teledial disks, 0.485
kN for eight-hole teledial disks, and 0.182 kN for eight~hole teledial

disks without the center portions, The peak stresses obtained by finite
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element computation were 36.13, 18.57, and 16,66 MPa, respectively. Loca~-
tions at which the peak stress occurred are indicated in Figs. 11-2 through
11-4, The mean ultimate tensile strength of H-327 graphite at the log
location from which the specimen is taken is 8.5 MPa. The calculated peak
stress is 2 to 4.2 times higher than the mean tensile strength. These
results indicate that there is a large degree of conservatism in a failure
criterion equating the maximum calculated elastic stress to the tensile

strength.

The eight=hole teledial disk without center portions (Fig. 11-4),
which had an inner- to outer-radius ratio of 0.84, failed at a peak stress
of 16.6 MPa. This result appears to be in reasonable agreement with the
maximum tensile stress at failure in diametrally loaded rings (Ref. 11-6).
The calculated stresses along the fracture surface are plotted in Fig.
11-7. The six-hole disk reached the maximum stress of 36 MPa with the

highest stress gradient.
TASK 900: CONTROL MATERIALS DEVELOPMENT

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

The HTIGR Fuels and Core Development Program work on graphite oxida-
tion, previously reported under Task 4, 189a No. SUO01, is being reported
under this task of 189a No. 00552 in FY-77. Experimental work is in pro-

gress to determine oxidation rates and the effect of oxidation on the

mechanical properties of fuel element and core support graphites.

Fuel Element Graphites

A series of oxidation rate experiments on preproduction H~451 graphite
has been completed. The reaction rate constants were determined for use in

the Langmuir-Hinshelwood equation at low water vapor concentrations, 10 to
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Fig. 11-7. Stresses along the fracture surface of teledial disks under
diametral compression
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200 Pa (100 to 2000 patm HZO)’ and at H2 concentrations varying from 100 to
2000 Pa (1,000 to 20,000 uatm Hz); analysis of the test data is in

progress.,

A series of experiments to determine the effect of oxidation burnup on

the mechanical properties of preproduction H-451 graphite has begun.

Core Support Graphites

Summary

A series of experiments to determine the effect of oxidation burnoff
on the mechanical properties of Stackpole grade 2020 graphite is under way.
The oxidation portion of the experiments is complete and is reported
herein., Mechanical testing of all oxidized samples is proceeding and will
be reported later. The oxidation rates of the samples were variable and
were found to correlate with position in the log, with high rates observed
in top~edge samples. Also, the rates appeared to correlate with iron

impurity content, but not with density,

Procedure

Oxidation of 236 cylindrical samples of Stackpole 2020 graphite (12.8-

mm diameter) for mechanical property testing has been completed. Of the
total number of samples, 126 were for compression testing (length = 25.4
mm) and 110 were for tensile testing (length = 76.2 mm)., All samples were
obtained from the parent log of Stackpole 2020 (No. 6799) according to the
sampling plans given in Figs. 11-8 through 11-14. The tensile samples
which were obtained radially from the 152-mm~diameter log were equal in
length to the log radius. These samples were designated ''whole radius.”
Axial tensile samples obtained within two sample widths of the edge were
designated "edge" and those from the remaining center of the log were
designated "center." The radial compression samples were obtained by

cutting the whole radius cores in half, yielding edge radial and center
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Coring diagram, Stackpole 2020, slab 1, tensile and compres-
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NO. 12--6799

C = CONTROL SECTION
A B c
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COMPRESSION SAMPLES
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Coring diagram, Stackpole 2020, slab t, tensile and compres-
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Fig. 11-11. Coring diagram, Stackpole 2020, slab 3, tensile and

compression radial samples
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NO. 12-6799
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Fig. 11-12. Coring diagram, Stackpole 2020, slab 3, tensile and
compression axial samples
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Coring diagram, Stackpole 2020, slab 5, tensile and
compression radial samples
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Fig. 11-14. Coring diagram, Stackpole 2020, slab 5, tensile and
compression axial samples
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radial specimens. Axial compression samples were designated "edge" and

"center" in the same manner as the axial tensile samples.

All samples were oxidized at 1148 K (875°C) in an atmosphere of 5% H,
and 3% HZO in helium. The samples were placed on graphite racks which were
positioned inside quartz tube furnaces. Each furnace load contained 14
samples. The process gas entered the furnace through a 6-mm—diameter
quartz tube, which extended the length of the furnace below the sample
racks. Several outlet holes in the gas inlet tube were spaced at frequent
intervals along the tube length so that the graphite specimens were exposed

to the process gas uniformly.

Results and Discussion

A summary of the rate data is given in Table 11-19 and total burnoffs
(% AW/W) and the average reaction rates (%/h) for all samples are given in
Table 11-20, The total oxidation burnoffs ranged up to 25%. Average
reaction rates were observed to vary by as much as a factor of 60 within a
given furnace load. No correlation with sample position in the furnace was
noted, In some cases adjacent samples exhibited vastly different oxidation

rates.

Using the detailed coring diagrams, it was possible to determine the
exact location of each sample in the original log (Figs. 11-8 through
11=14). Table 11-19 summarizes the reaction rates as a function of loca-
tion in the log. For each section, the average and the range of the
reaction rates and densities were computed. These results are shown in
Figs. 11-15 and 11-16. For slab 1, the slab which showed the greatest
variation in rate, rate versus location was plotted for each sample (Fig.

11-17).

Table 11-21 gives the results of the emission spectrographic analysis
of samples taken from several positions in the log. Figure 11-18 is a plot
of iron impurity versus position. The highest iron impurity concentrations

were found in the top part of the log, particularly close to the edge.
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Conclusions

Figure 11-15 shows that the highest rates occur at the top of the log.
A sharp decrease in rate appears between sections C and D. Referring to
Fig. 11-17, this is seen to occur at about 180 mm from the top of the log.
With regard to lateral position, samples with the highest rates (0.12%/h)
were all taken from the edge of the log. Samples from the center of the
log all had rates less than 0.05%/h. Note that tensile radial samples
extend across the whole radius of the log; therefore, their reaction rates
and densities should show an approximate average between the extremes of
the edge and center samples. This was indeed the case for the top slab
where wide variations in rate were observed, as shown in Table 11-19 and

Fig‘ 11"'18.

Figure 11-16 is a plot of density versus position. No correlation of

reaction rate with density is apparent.

Referring to Fig. 11-18, it is seen that the highest iron concentra-
tion was observed in samples taken from the top edge of the log, which
correlates well with the observed reaction rates. Since iron is known to
be a potent catalyst in the steam~graphite reaction, it is concluded that

the variations in oxidation rate were due to variations in iron content.

Validation Tests

Writing of a test plan, mentioned previously in Ref. 11-2, to deter-
mine the effect of a nonuniform radial oxidation burnoff profile on the
mechanical properties of a core support post graphite has been delayed and

will be reported in the next quarterly report.
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GA-GLCC ROUND-ROBIN FLEXURAL TESTS:

TABLE 111

DATA SUMMARY (CORRECTED FOR NONLINEARITY)

GA Results GLCC Results
Mean Standard Mean Standard Strength Difference,
Specification No. of Strength | Deviation | No. of Strength | Deviation GA - GLCC
Size Orientation | Location |Specimens (MPa) (MPa) Specimens (MPa) (MPa) (MPa)
6 . 4—mm~ Axial Midlength 35 26.2 1.3 35 26.6 1.3 -0.4
diameter edge
cylinder
Axial End center 35 21.3 1.8 35 21.1 2.3 0.2
Radial End edge 36 22,7 1. 36 22.0 2.5 .7
Radial Midlength 35 18.6 2.5, 36 18.4 2.1 0.2
) center
8.9-mm Axial Midlength 23 23.9 1.5 24 23.8 1.3 0.1
square cross- edge
section beam
Axial End center 25 19.7 1. 25 18.2 1.4 1.5
Radial End edge 26 18.8 2.8 26 19.4 2.4 -0.6
Radial Midlength 36 16.7 1.9 36 16.6 1.8 0.1
center




qe-tt

TABLE 11-2
GA-GLCC ROUND-ROBIN TENSILE TESTS:

DATA SUMMARY

GA Results GLCC Results
Mean Standard Mean Standard Strength Difference,
Specification No. of Strength | Deviation | No. Strength | Deviation GA - GLCC
Size Orientation | Location Specimens (MPa) (MPa) Specimens (MPa) (MPa) (MPa)
12.8-mm~ Axial Midlength 52 19.9 1.4 52 19.3 1.5 0.6
diameter edge
cylinder
Axial End center 50 13.0 1.6 50 12.8 1.0 0.2
Radial End edge 30 13.6 3.5 36 13.6 . 0.0
Radial Midlength 30 10.4 2.1 36 10.7 1. -0.3
center
7. 6~um Axial Midlength 47 18.8 1.4 -~
square Cross- edge
section dogbone
Axial End center No GA tests 48 11.8 1.5 -
Radial End edge 26 11.8 3.0 -
Radial Midlength 36 9.8 2.4 -
center




9¢€-11

TABLE 11-3

GA-GLCC ROUND~ROBIN STRENGTH TESTS: CONCLUSIONS
Number of Cases Where
Type of Average Difference | Difference was Significant
Test Comparison (%) (at 95% Confidence Level) Conclusion
Tensile GA vs GLCC +1 1 out of 4 No real difference between
(cylinder) test laboratories
Flexural GA vs GLCC +1 1 out of 8 No real difference between
test laboratories
Tensile Cylinder vs dogbone +8 2 out of 4 Real effect; probably caused
(GLCC only) by sharp edges, radiused shoulders,
or worse alignment of dogbone
Flexural Cylinder vs rectangular +13 8 out of 8 Real effect; rectangular beam
beam stresses more material to peak
stress and has larger thickness-
to-span ratio




TABLE 11-4
ROUND-ROBIN TENSILE DATA: CYLINDRICAL SPECIMENS (GA DATA)
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TABLE 11-4 (Continued)
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- Eml92A AX. EL — — 12,4
Emi928 Ax tL 1441
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Eed1dB AX tC 13,7
E=2224 aX EL 13,8
Ew222B _ Ad.. EC — e e 13,8
Em2%2h AX [ 28 13,6
_Ew232B  AX £l S, 10,7
Ewdd2A AX FC 12.¢2

J—— Em2428 AX kLo I e 1200 —
e AR AN — — U 14,0
(1891 ,PS1)
S§TH, JEv, 1aeb
S —_ (231 .B81)_

D a0 O D P TR T R T OV I B 6T S WD N R AR P D B G O R T P KD T O D TR 0 AP 4 AP G5 O 0 S R 93 4D 9 O S 60 M @ & D 65 0 49
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‘ TABLE 11-4 (Continued)

PR A X L EL S A SIS X LALSXIEEXLLEEILAEELLSEILEX T WN - — —
RO J— p— _..L.L)_I._,.jm_g RH PR e — e ﬁjghmw-wia*_ﬁa~ﬂt‘
LG (i, & $8dm42 SPEC, LENGTH To, MM

L CEMNSITY we ML/ MEETD - .

S mmmprasnernboleee PSSV e meRRm B n e W w e R0 IR T w e e e

SPELIMEN IRIFNT= LCA= DERSTTY ¥ IUNGS PERM®  FRACw TENSILE

o NUIMBER AT1G.  TION (Ma/axa3)MO0ULUS ANENT  TURE STIRENGTH

(6FA) SET  QTRAINM (IPAY
(PCTY. _LRPCID

B S o WP UG gy M S S B 00 K an up e NP WH WD N5 6N SR R W AP U0 G5 WP D 0 AR PN O T KR WD AP G 0D O D R WD o BE WP gp 4D SR TP A0 WD AR G0 BF 99 0P U0 GP OB 0D oD

— ib=re=Dul __RAD _ Et e . e e = — = 10,9
bwmotl gD 23 8,5
- - _kw=mu2l AL |44 S - 9.1
Femt 3l AU te R,¢
e e bwm= )4l RWAD L EE - I e e e lugl
b ewidnl B e 9.“
tweygnl LA EE S 12,4
Leey@l  wAD £ Leh
. _Eeeiul RAD EE - - I ~12.9
tm=111 w 4D Fr 12,8
e bmwid]l  WAD £r - e e 16.5
beww] 4] HAD kE 15,6
. Eweldl  RAD EE _ 1e,3
Foewlal  WAD EF 15,8
Lwwlol  PAD (X3 - - 19,7
Emwl 7l RAD FE 19,8
o lamEmm il RAL. L BE L. e e e e e e e 12T
bwmal9) kA Er 13,4
p=m2dl  pAL EE . — - _ 11,8
tw=211  KA{ ke 12,5
- *E”%Eﬁl BbL [ — e e Y,Q
Lmepd 31 W AD it 12,4
e hm=241  RAL . EE — SRR ¥ - DA
bwmedh]  wAD EE 18,8
- fewmgol  HAL EE - e 18,5
L=w271  RAD Fr 18,4
- Lea2b]l __RAD £E - o 16,9
fmedal  RAD EE 18,9
IRt =0T RAD - Lk o e e - - Lo

FeeiBl RAUD EE 1,0

e LA A X R L AAIAELL LIS AELIEELITYESIXILLAS AL L L L 3.X 8 X X2 X 3 L Lo X 2 X 2 X & % 2 % 4
MEAN 13,6

e e e (1965%,P81)

R . 10 LEV, e -

{ H05,P8D)

R e op O 50 ep O G AR TR GRG0 op 0D 40 TP 4R 0 Tacgy B W MD NP OP GR R an We G W R WP 65 O T gp 0N 00 00 B OF @5 50 B0 g 2 AR ST TP O OF G2 9P 5B b W 4D G0 G0 BB UR 69 o
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TABLE 11-4 (Continued)

LAY Y SR 20 72 X1 Y ¥ 9 v 8 0 8 2 3 3.3 3 3 3 3 4 2 3 3. F % |

LOT ND, RR SPEC, DIa, 12,8 MM
LOG NO, 64B8u=82 SPEC, LENGTH Te, MM
LUOG DENSITY we MG/ Mgl

PR RE PR RR PR NN NP AR RN R e SRS TARRBEO RNV e R DD NG %G00 RGe®D
SPECIMEN ORIENT= LUCA= DENSITY YOUNGS PERMe FRACe TENSILE
NUMBER ATION TION (MG/M2e3)MODULUS ANENT TURE STRENGTH
(GRA) SET STRAIN (MPA)
(PCT) (RCT)

LA L T Ry Y L Y LA LA L2 2 L 2 X X 3 X ¥ 3 KA A L A A LA AL L X LY X L L4 L 2 L L A2 X 1 1 % 3 J

IReMe=00] RAD  MLC 12,0
Mew011 RAD  MLC 10,7
Me=021 RAD  MLC 12,2

o
ot
]

Mee(3]l RAD MLC
Me=aU4l RAD MLG
Me=(}51 RAD ML C
Me=a061 RAD MLC
Ma=071 RAD MLC
Mee(81 RAD MLC
Me=0Q1 RAD MLC
Me=i0il RAD MLC
Me=iil PaD MLC
Mesi21 RAD MLC
Mewi3i RAD MLC
Mea141 RAD MLC
Me=iS51 RAD MLC
Memlibl RAD MLC
Meei 71 RAD MLC
JAeMmwiB] RAD MLC
Mes{9l RAD MLC
Mem201 RAD MLLC
Me=2ll RAD MLC
MewlZl RAD MLC

.

B

fpe

[V
il OB BO A= OB D D= D OO
2 ® © ® B & ® S © B S B B S BV S S © B © D D

T WW DO ET BRI OO -G OO BB

Mewg2 31 RAD MLC i
Me=241 RAD MLC 1
Me=g8] RAD MLC 1
Mem261 RAD MLC 14,

Mew27l RAD MLC 13,8
Mew2B81 HAD MLC 11,8
Me=29i RAD MLC 14,4
PRABBRRERARN RO R RR PP PR RO PP C VR VIR PR ERRRPREREP NP RN PR P CCRRPRR IR RS
MEAN 10,4
(1509,PSI)
810, DEV. 2o
{ 304,P81)

(AL L LY L L2 AL YL A A ALl il LYY L L Lo A bl A b bl Al Al 2 1 2 0 A g A L d B LAl A
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TABLE 11-3
ROUND-ROBIN TENSILE DATA: CYLINDRICAL SPECIMENS (GLCC DATA)

LA T LD AT DI LT YT YT AL LLL L L L Y Y

L0T NO, RROGL) SPEC, D14, 12,8 MM
LOG NO, 6UBuU=B2 SPEC, LENGTH  T6, MM
LOG DENSITY ww MG/MRR3

LA L L L L LA A LT LA L A g L LA L LI Ll ALl LIl Al I Py YLl ALl Xy Y

SPECIMEN URIENTe LUCA= DENSITY YOUNGS PERMe FRACe TENSILE
NUMBER ATION TION (MG/Mee3)MODULUS ANENT  TURE STRENGTH
(GPA) SET STRAIN (MPRA)
P (PCT)Y (PCT)
LAE AL LI L LA LYY I AL DLl Il I Al At A A iDL Yyt 2 X 2 2 0]
3aw W84 AX  MLE 19,3
M1o4 Ax MLE 19,7
Mt2A AX MLE 18,9
4384 aX MLE 20,0
“42a AX MLE 16,2
MG A ax MLE 18,0
MEGA AX  MLE 19,3
a724 AX MLE 19,8
MTUA AX MLE 18,9
MQdA AX MLE 19,3
M1Gd4 AX MLE 19,0
M1QBA Ax MLE 19,6
M1124 AKX MLE 21,0
IMami2pA AX MLE 21,8
M130A ax MLE 20,0
11324 AX  MLE 21,6
11524 aX MLE _ 17,0
Mi60A AX MLE 21,8
MindA AX MLE 19,3
MIBRA Ax MLE 18,1
%1904 AX  MLE 20,3
11924 AX MLE 18,4
MEI2A  AX  MLE 17,6
M232A Ax MLE 20,8
MAAYA AX MLE 19,0
MRURA AX MLE 20,3
3A=MBH AX MLE 18,5
M3BG ax MLE 18,9
Mb4B AX  MLE B 18,3
EETT) AX MLE et
M10B AX  MLE 18,7
My2e AX HLE 15,3
mi2n AX  MLE 18,9
m7en AX MLE 18,7
M4ty AX  MLE 17,9
myung ax MLE 16,3
M1p4B AX  MLE 21,8
Mii2e AX MLE 21,0
Miy8s AX MLE 22,3
Id=M2128 AX MLE 20,6
M1828 __AXY MLE _ ~ 18,0
M1528 AX  MLE 19,3
My260 AX MLE 21,0
M1308 AX  MLE 19,8
Mielo AX MLE 19,5
M1308 ax MLE - 18,9
M1928 AX  MLE 17,2
M1628 AX MLE 19,3
M1328 Ax MLE 20,14
ma448  _ _ AX MLE _ .. - . 47,6
M248B AX MLE 20,4
M2324 ax MLE 20,9
LA D L 2 L L L L T 3y P L L L LD UL LY T - 3o Yt bl b L L L L Rk A Y 2 Y T L 2o ) 2 2k 2 1 2 2 2 17
ME AN 19,3
( 2803,P81)
87D, DEV, 1,5
( 216,P81)

LA XTI S AL LI L L P Y L P T Ll P Il Ll 2 S P P L L L L L 1 1 1
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TABLE 11-5 (Continued)

PR RN RN NPT P PR PCORRPRBOB D@ e

LOT NQ, RR(GL) SPEC, DIA, 12,8 MM
LOG N, 6484wB2 SPEC, LENGTH 76, MM
LOG DENSITY ww MG/MuRD

SPECIMEN URIENTe LUCA= DENSITY YDUNGS PERMe FRACe TENSILE
NVMBE R ATION  TION (MG/Mar3YMUDULUS ANENT  TURE STRENGTH
(GPA) SET  S8TRAIN (MPA)
(PCTY (PCY)

LI PR LTI LY P LA AL P LY YL L AL LA DL AL A Y YL LY L L L 2]

1h=E4A AX EC 14,8
Elaa AX EC 11,8
Feun AX £C 13,2
F34a Ax EC 12.6
E4dA AX EC 11,8
FS4A AX EC 10,8
Eoua AX EC 11,7
[ Y Y AX £EC 1207
FAUA AX EC 12,0
E9ua ax &C 12,4

t1QuA AX £C 13,2

ELiua ax EC 11,9

[EFLY) AX EC 12,3
tR=E 1504 AX EC 14,2 )
tia4a Ax EC 15,1
Fisua AX EC 14,4
E164A ax EC 14,4
E174A AX EC 11,9 -
E18UA AX £C 13,6
E1944A AX EC 12,7
1H=E 2004 AX EC 12,3
E2l4A AX EC 13,6
g22uA ax £C _ 11,9
E23ua AX EC 12,5
RR44A Ax EC 12,9

fhep 4B X EC 12,6
Elub Ax £C 12,7
Faud ax EC 12,6
£ 3u8 AX FC 12,8
Faug AX £C 12,6
[&-TT-] Ax EC 13,1
EadB AX EC 12,8
E74n AX EC 13,1
[ 211} AX £C 10,8
gouy _AX EC ~ R 12,8

E1048 AX EC 13.1

E1g4d Ax £C 13,4
E1248 AX EC 13.4
1=t 348 AX EC 15,4
E14auB AX FC 13.8
£1548 AX . EC 13,8
Elo4dd AX EC 12,7
E1748 AX EC 12,4
E184R ax EC 13,1
E1948 AX EC 12,0
E2o4a AX EC 12,0
gE2148 AX EC 12,9
E2euB Ax EC 11.3
E2354B AX EC 12,9 .
E2448 . AX EC 12,4

MEAN 12.8

( 18%58,PS1)
8TD, DEV, 1,0 "

- £ 140,P81)

PHRRER DR BRNER TIPS ANR P RN AR PN RN ORI RPN P AN ERREPPURRNRRR DR
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TABLE 11-5 (Continued)

MP RO RPN ROV ARSI PaReR BN R PR

LOT NQe RR(GL)Y SPEC, DIA, 12,8 MM
. LOG N{), 64B84edg SPEC, LENGTH T, mp
LG DENSITY ew MG/ MERD

L P L 2 2 A X 3 F ¥ ¥ L A 2 2 X X5 X X X 2 ¥ ¥ 30 L kA F A 2 B 2 R A2 2 F L Fi 2 X2 2 3 X 3 ¥ R 3 3.3 %

SPECIMEN ORIENT= LUCA= DENSITY YUUNGS PERMs FRALe TENSILE

NUMBER ATION TION (ME/Me3IMUDULUS ANENT  TURE STRENGTH
(GPA) SET STRAIN (MPAY
(PCTY (PCT)

Ju=F 3A RAD EE 10,7
F13a RAD FE Teb
E23A RAD LE 8,7
F313A RAD EE 9,1
EalA RAD EE 8,4
£53A RAD EE 6,9
FalA RAD te 13,0
E73A RAD EE 12,2
£EB3A RAD EE 12,5
FE93A ®RAD £ 10,5

E103A RAD fr 11,9
F113a RAD EE 11,1
£1234A RAD EE 14,2
£133A RAD EE 16,8
Elula RAD EE 15,9
F155%a KAD FE 15,1
E163A RAD EE 15,5
E173A RAD £E 15,7
lA=f 1834 RAD EE 12,8
E1934A RAD FE 12,1
E203A RAD EE 10,6
E213A RAD Et 13,3
EP25A RAD EE 9,0
F2i3a RAD ER 10,3
EPU3A RAD LE 17,14
£2534 RAD EE 18,5
E263A RAD EE 18,8
Ee73a RAD EE 18,9
ER83A RAD FE 17,9
E2935A FAD Et 19,1
E303A RAD EE 17,6
E313A HAD EE 16,0
£E323a RAD FE 15,86
£3334A RAD EE 15,8
E343A RAD EE 16,7
£353 RAD FE i8,0
MEAN 13,6

{ 1978,PS1)
1D, DFv, 3,5

. { 505,P8SI)

BRSO N TRV RO ETINRPRETPN PR OR BRI RO RRRRPODD
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TABLE 11-5 (Continued)

o UD o 4P oo UR WD B IR 0 oD 0 NP R OF @2 0N AP o W TR e T AR R TR 45 U0 WD W) UB 0B on 00 up @

LOT Nij, RR(GL) SPEC, Dla, 12,8 MM
LOG Nl b4HG=BP SPEC, LENGTH To, MM
LOG DENSTTY =w MG/MERD -

SPECIMEN DRIENT= L(CA= DENSITY YUUNGS PERMe FRA(L= TENSILE
MUMBER ATION TION (MG/Mar3)IMUDULUS ANENT  TURE STRENGTH
(GPA) SET 3TRAIN (MPA)
(PCT) (PCT)

BHR@RBIE PR RO B IaERP R DD R W RO O e TN RO G R R TR R 5 R S W W

e M3 RAD MLC 9,6
M13 RAD MLE 12,4
M2 4 RAD ML C 11,4
M33 RAD MLE 9,4
MU 3 RAD ML 12,7
mS 3 24D MLC 11,4
rMé 4 RAD MLC 10,6
M7 3 wAD ML C 11,7
MR 3 RAD MLC 11.5
M9 3 ®AD ML C 11,0
M103 RAD MLC 9,7

M1t 4 R4&D MLC 11,4 .
M123 waD MLC Bl
M133 RAD MLC 9,7
Mi43 RAD MLC 10,4
M153 RAD MLC 9.3
Mi{63 RAD ML C 9,0
MY1T3 RAD MLC T.4
3A=M18% RAD MLC 8,3
193 RAD MLC 7.9
M2 5 RAD  MLC 10,2
M213 RAD  MLLC 9,7
mMa223 RAD MLC 8,9
MR233 RAD M C 10,0
MU 3 wAD mLC 12,5
M2H 3 RAD ML C 13,0
M26 3 RAD  MLC 12,4
w27 % RAD MLC 12,5
MaH 3 RAD mMLC 14,1
M9 3 RAD MLC 14,3
M30 % ®AD MLC 11,4
313 RAD ‘. C 10,2
M323 RAD MLC 10,9
M3%3 RAD MiLC 13,4
M43 HAD ML C 11,1
M353 RAD MLC 11,1

ﬁﬂﬂm--ﬂwﬂﬂW-Q.Q’ﬂQ'ﬂ-ﬂnn-ﬂﬂQﬂﬂﬂnﬂﬁﬂﬁOﬂ'ﬂ”Mwﬂhn"”'ﬂ”ﬂ”ﬂﬁﬂ”ﬂﬂﬂﬂﬂ.ﬂ.
MEAN 10,7
( 1554,PSI)
$TD, DEV, 1,9 -

( 279,PSI)

LA L B b A R A LA A A L X L A 2 A X & L L2 XYy yY ¥yl L2 2 X2 3 i ey Ry ry Yy ry 3 ¥ e
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TABLE 11-5 (Continued)

Ll L R L A AL AL L LT I X Al Al d i s bt AL 2.2

. LOT NO, RROGL) SPEC, DIA, bgetd MM
LOG DENSITY == MG/MAR 3
SPECIMEN ORIENT= LUCA= DENSTTY MUDULUS OF FLEXURAL

NUMRER ATION  TION (MG/M%x3) RUPTURE (MPA) STRENGTH (MPA)
(UMCORRECTEDY (CORRECTED)

B DH PR RO R VTRV O RRE TR RS RSB RP RV e R R RV WP B RS W

b= o AX MLE 39,5 29,4
10 AX MLE 37,5 28.%
12 AX MLE 36,1 é8,
1o AX  MLE 33,6 26,8
e2 AX MLE 34,5 27,3
26 AX  MLE 37,9 28,8
es AX MLE 33,6 2b 8
32 AX  MLE 36,1 28,0
38 AX  MLE 34,1 27,0
44 AX MLE 33,2 26,6
46 A X MLE 38,0 28,8
50 AX MLE 36,4 28,1

. 52 AX MLE 36,0 28,2
58 AX MLE 33,4 26,7
64 Ax “LE 34,8 27,4
66 AX "LE 36,8 28,3
68 AX MLE 38,7 27,8

e 78 AX MLE 32,5 26,1
80 Ax ML g 52,0 26,0
8 AX MLE 33,0 26,5
84 AX MLE 35,9 27,9
Qu AX  MLE 36,6 28,2
26 AX MLE 35,9 27,9
98 Ax MLE 32,3 26,1

100 AX  MLE 18,9 29,2
110 A MLE 35,7 27,8
112 AX MLE 28,2 23,6
114 AX MLE 33,0 26,5
116 AX MLE 36,4 28,1
118 AX MLE 36.6 28,2
130 AX MLE 37.% 28,6
132 AX  MLE 36,4 28,1
136 AX  MLE 37,7 28,7
136 AX MLE 40,2 29,6
140 AX MLE 32.3 26,1
MEAN 35,4 MRy 27,6 MPA

(5131, PST) (4003, PSI)

810, DEV, 2,5 MPa 1,2 MPA
( 362, PSI) ( 177, PSI)

b L A B 2 L A A A X A X 3 T A A A A2 2 22Tt i il ey Ly YLy yYyYyYy.:
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TABLE 11-5 (Continued)

LA T F L E LA A L XN L XY T L L L A A A A A 2 L X3 2.0 2 X

LOT NGO, RROBL) SPEC, DIaA, bl MM f
LG NQ, 64Bu=n2 SPEC, LENGTH 91, MM
LOUG DENSITY we MG/M=aZ
SPECIMEN  (RIENT= LUCA= DENSTITY MODULUS OF FLEXURAL
SUMBER ATION TION (MG/Maxxe3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED)Y (CORRECTED)
1Al by AX EL i8,0 16,8
148 AX EC 25,5 21,9
15¢ Ax £C 30.3 2i,9
1506 AX £EC e7.4 23,1
16l X EC 26, 22,2
164 A X EC 24,9 21,5
168 AX Fe 18,0 16,2
172 A X EC el,4 23,1
176 AX EC 20,6 18,3
180 AX EC 22,48 20,0
R4 AX €EC L) 21,3
1R8 AX EC 23,06 20,5
192 AX EC 21,6 19,1
198 AX EC £e.B 19,9
20U AX EC £be7 2e,.7 -
PAL AX £C el 0 20,8
208 AX £C 25,06 21,9
1Hegig A X EC 25,1 21,6
elb AX EC 27,4 23,1
een Ax EC 28,9 24,1
jBm2ed AX FC 29,3 ed,3
2eh AX EC e3,9 20,7
232 AX EC 2h.8 2i,4
230 Ax EC 26, b 22,6
249 AX EC 27.0 23,2
2uu AX EC 22,3 19,6
2un AKX EC 28,7 2h.0
252 AX tC 28,17 24,0
256 AX EC 32.7 26,3
enl AX EC 28,3 €3,.7
eby ax EC 29,5 24,4
268 AX EC 31.9 25,9
27e AX FC 27.2 €3,0
276 AX £EC 29,4 ed 4
280 AX £C 29,5 24,5
MEAN 26,1 MPA 22,1 MPA

(3781, PSY) (3211, P8I1)

STD, DEV, 3,5 MPa 2.4 MPA .
( 501, PSI) ( 344, PSI)

OB R P RPN ERN PP OB D IR RV PRHO OO DRTER PPN EDER R RO RO DRRRRODNRP DR
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TABLE 11-5 (Continued)

LA 2 X 3 A LA 2 2 L X .Y ¥ ¥ ¥yt 2 2 2 5 2. 8 2 2 L 2 2.7 X X 3% 3]

. Lut an, RROGLY 8PEC, Dia, Dol MM
. LOG N, 64B4=p2 SPEC., LENGTH 51, MM
LG DENSITY ww MG/ME®R D
SPECIMEN DNRIENT= LUCAe DENSITY MUDULUS OF FLEXURAL
NUMBER ATIon  TINN (MG/Max3) RUPTURE (MPAY STRENGTH (MPA)
(UNCORRECTED)Y (CORRECTED)
{d=147 RAD EE 19,14 16,7
191 RAD EE 24,5 20,4
155 RAD Et 28,0 226 3
159 RAD EE 17,3 15,3
163 RAD EE 23,9 19,9
167 RAD EE 25,¢ 20,8
17% RAD Ee 25,7 el v
175 RAD Et 25,5 20,9
179 RAD EE 25,0 20,0
143 RAD Ee 29,5 23,1
187 RAD EE eld, 1 20,1
191 RAD FE 26,1 21,3
19% RAD EE 33,0 24,5
199 RAD FE 28.6 22,6
203 KWAD 43 30,5 23,5
i 207 RAD FE 28,6 22,6
211 RAD EE 29,.8 23,2
15 Ran FE 35,5 25,2
jaepl9 RAD £E 30,7 23,0
223 RAD EE 55,4 24,6
227 RAD EE 34,5 25,0
231 RaD EE 29,1 20,9
235 RAD EE 26,0 21,6
239 RAD EE 28,2 22,4
243 RAD EE 36,4 25,4
U7 RAD EE 31,4 23,9
251 RAD EE 28,2 22,4
255 RAD EE 32,0 L
259 RAD EE 5.2 25,2
2653 RAD FE 35,5 25,2
267 RAD EE 32,0 2,2
74 RAD EE 35,0 25,1
275 RAD EE 31,6 24,0
279 RAD EE 34,8 25,0
783 RAD EE 34,5 2%, 0
287 RAD EE 37,3 25,6
MEAN 29,6 MPA 22,8 MPA

(4295, PSI) (3301, PSI)

. STD, DEV, 4,8 MPA 2.4 MPA
( 698, PSY) ( 347, PSI)

‘ BORNeEPUO AP R e O R RPN PR RPN PR NP E PO RO RPN BN G
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LOT NDy RR(GL) SPEC, DIA, 6,4 MM

LOG ND, 64B4=B? SPEC, LENGTH 51, MM

LOG DENSITY we MG/Mx% 3
-uﬂnﬁ...”-.-.Q.U'-".lﬂﬂﬂlﬂnﬁw.UUOQ.Q'-’ﬂ"ﬂﬂ"nﬂﬂnﬂﬂﬂ-”’ﬂ-Qﬂ.ﬂ

ORIENTe LOCA= DENSTTY MODULUS OF FLEXURAL

SPECIMEN
NUMBER

3R 3
7
1
15
19
23
27
31
35
39
43
47
51
55
59
63
67
71
the 75
79
83
a7
91
9%
99
103
107
111
115
119
123
127
131
155
139
143

RAD MLC 4.5 20,3
RAD MLC 15,0 13,6
RAD MLC 25,0 20,6
RAD MLC 20,0 17,3
RAD MLC 18,6 16,3
RAD  MLC 27,3 21,9
RAD  MLC 20,7 17,8
RAD MLE 17,7 15,7
RAD MLC 25,5 20,9
RAD MLC 20,0 17,3
RAD MLC 25,5 U9
RAD MLC 22.3 18,9
RAD MLC 19,8 17,2
RAD HLC 20,2 17,9
RAD MLC 21,1 18,1
RAD ML C 22,0 18,7
RAD LN 23,90 19,3
RAD “LC L 20,2
RAD ML C 21,0 18,4
RAD nLC 17,5 19,5
RAD MLC 19.9% 17,0
RAaD mLC 22,90 18,7
RAD MLC 22,5 19,0
RAD  MLC 24,8 20,5
RAD ML C 29,3 23,0
RAD MLC 19,9 17,3
RAD MLC 26,4 2l 4
RAD M.C 28,6 22,6
RAD L0 ed,3 2l
RAD  MLC 24,5 20,4
RPAD ML ( 26,6 2l.b
RAD  MLC 24,8 20,5
RAD ML C 27.3 1.9
RAD MLC 5,2 20,8
RAD MLC 22.7 19,2
RAD  MLC 25,7 21,0
ME AN 22,9 MPA 19,2 MPA

TABLE 11-5 (Continued)

BPBREBRT PRI RCPORL PR P DO PN NC R RE R R B R

ATION TION (MG/Max3) RUPTURE (MPAY STRENGTH (MPA)
(UNCORRECTEDY (CORRECTED)

LA X 2 R A Z L . A A X % X LA 2 A 2 X 2 2 L 2 X -2 ¥ 2 3 X R A X 2 N L2 S L X3 ¥ 2%y 33 3 2 X 38 2 -3 2 % 2 F 3

(3327, PST) (2788, PSI)

STh, DEV, 3,3 MPA 2.2 MPA
( 482, PST)  ( 316, PSI)

OO D O R DO T PP RO RO R AN RPN R RPN R R PRI RRNB DD
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ROUND-ROBIN TENSILE DATA:

TABLE 11-6

LOT NG, RR

8PEC, VIA,

SQUARE DOGBONE SPECIMENS (GLCC DATA)

PRSP RNBLUEPRCLPERBREAREYerevaRAanBEaGD

0,4 MM

LOG NO, odluws?

LUG DENSITY ws

“SPEC, LENGTH

MG/MRRS

g;, 4 4

e

PR BERROPORRPONDER RPN DO RRNVDOIORERPRRER PRI NODDRDRDS

" BPRCIMEN  URTENTe LUCA= DENSBTTY

T omQbuLuS OF

FLEXURAL

_ _NuMRER_ ATION  TIUN (MG/Me#3) RUPTURE (MPA) STRENGTH (MPAJ
- (UNCURRECTED) — (CURKECTELY
.hmﬂhﬂu'nﬂﬂwvﬁﬂ"‘.ﬂﬂmnnuQnﬂﬂ'#'ﬂ.ﬂﬂ".ﬂ.'ﬂ'ﬂbﬂﬁﬁﬂﬁﬂﬂﬂﬂu:’:Tﬂ::m::m_"
BLAB ISwA Wde AX  WLE 35,4 2146
L 62 AX MLE _ Bd,0 27,3 o
2 AX  MLE 32,9 26,4
18 ax o mE 0 89,5 24,5 ;
- 34 AX mLE 32,9 eb, 4 T
5S4  AX  MLE 34,5 27,3
4 AKX ML E 32,8 eboh
R . 86 AX  MLE o 3.4 2,y
36  AX MLE 3d, 1 26,0
—— 56 AX  MLE _3%,% 7.6
768X ML E 15, €7,9
14 AKX MLE 35,4 27,7
T T URyTAYT TRLE o 3L, E TR G T
I 48 Ax  MLE L C 33,9 _€6,% -
B AX  MLE 51,4 8,6
_ 4 AX  MLE _ Bl.® 0 25,8
40 AX “LE 3%, 27,7
. 6y AX ML E - 37,1 28,% e e,
TBLAB 3eR 122 AX  MLE LF 25,9
__8LA3 3B 134 AX M 3.1 B0, e
7 AX MLE 31,1 €8,4
. bB aAx M€ o _ 32.0 o _ 2%,9 R
104 AX  HLE 30,6 25,1
184 AX MLE _31.€ 2%:5
T4 aX MLE £9,4 34.3
Sy AX  MLE L 34,06 27,3 o
106 ax M€ 30.2 24,9
. l2e ax  MLE 30,3 2he¥
76 AX M E 31,48 25,%
92 AX  MLE 30,3 8o
LY TG,9 5.3
188 AX = MLE 28,8 82,0
86 AX MLE 3129 85,4
108 AX  MLE 5g&§ 25,1
180 AX Mk 3, £b, 4
BROCRRRREVACE R RO RPRP R R BOERP RO BN OB R RRBE RN BN PR RBOPRRED
MEAN $E.6 MPA 26,8 MPA
(47¢6, PBILI (3798, P81)
Q?QI_QQXLM Q!“ MPA is ﬁpA
( 3us, PS{Y ¢ i%&%"bii}

L1322 T T YT I TP Y T T YRR TP R YRS Y PP LYZ YRR RY S YT 2 Y22 2 20 3 Y2 22 22 2 2 2 i 2% R Xt Rt R
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TABLE 11-6 (Continued)

SRBRBRER RGP R RRR RN RBGRe P BB

o LUT ND, RR _8PRC, W1a, b MM
LG NO, 648u4mBg 8PEC, hENGTN 81, Hp
e UG DENBITY ew MEsMaw S

Dﬂﬂﬂ’.’ﬂﬂﬂFﬂﬂﬂ'ﬂﬂﬂﬂ'”"ﬂ'mu0Q”ﬂ.ﬂﬂﬂﬂ”’ﬂmﬂ"ﬂ,.”ﬂﬂﬁmﬂﬂﬂw”ﬂﬂ".ﬂ

SPECIMEN UORIENTe LUCAe DE-BITY MODULUS OF FLEXURAL
_MUMBER ATIUN _TION (MG/Meng) RUPTURE (PPA) STRENGTH (MRA)
(UNCORRELTED) (CORRECTED)

BOBRRRROETPRSPERPPOIDDP RPN TPERT T DRV VNIRRT DI VIR RS RNV BR RS

8148 led 142 AKX EC e, 2lg8
— Y4 AX  EC o 2l,.8 19,8 S
1% AX EC 84,y €1,8
184 X EC - 26,1 2843 S
188  ax EC 24,9 21,5
. te2  Ax EC _ 21,0 19,4 o
ins  AX EC 2bo/ 2ge7
o iru Ax  EC 0 Re.Y 21,48 R
174 AKX EC 2h,el 209
. i1 AX EL S F I o 2Usd .
182 AX EC 26,4 FFI )
186 AX EC 23,5 2043
190 TAX EC 23,6 205
. is4 Ax EC — 17.9 16,2 .
198 AX EC 21,7 19,1 o
o Rue Ax EC 284V 19,4
aaa AX EC a5, T 20,6 o
_ _2lu  AX &C _ 2%,7 2Ueb
SLAB 1«8 g4 AX ET F1 20,8
BLAB 1=B 218 AX  EC . R I BU 4
2a2e AX EC EX T 2046 o
. 2ee aX  EC - 28,9 ) 2ol
230 AX EC 28,7 B ade 0 -
234  AX EC 27,9 23,5
- T @¥BTTRY EC €9, 1 ed, g
242  AX EC ') 2246
TTTTT T AR R TR T T T PT.é Y- TY ) o
2%0 AX EC . 24,3 a1,
T T Esd TR EC T TTETLT G o T
258  AX EC 2d.d 19,9
e8g AKX LAY €F 4w LY |
26h6  AX EC 25,1 2le®
T OUUTTETUTAY EC ede" F3 Py
274 AX EC 27,V 2249
TTTTTTT TTTETETRR ET ET. W 'S S
CRPRRECE DS PEPOROVE RGPPSR PHRGC VPO RHRE LR EERBERED RS B0 R e
REAN ZaT PR €1s9 WFA

(3587, PSI) (3084, PBI)

$TD, DEV, 2,0 MPA 1,8 MPA
U380, P8IT (@66, PEIT

BRGBDBBPRPFCRRPOINANCPORABRCBRCCPVDRF RN RPN T RS RO RR ROV NDAC R e BRRR
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TABLE 11=-6 (Continued)

i,

¢¢¢¢¢¢ ﬂﬁ'ﬂﬂmnﬂﬂQQQQO‘U‘*QQﬁnQnﬂmﬂvnﬁngzgr::m-wmiw“ )
LUT ND, RR 8PEC, VA, b4 M
LG NO, e4Baw8z S§PEC, LENGTH &y, "k
LUG DENSITY wm HMG/M##]

.ﬂw‘ﬂﬂunﬂ”nﬂﬂtlﬂ"ﬂ‘.nﬁﬂﬁ.l!ﬂ#lﬂﬂﬂ'1"'0!ﬂa'ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂhﬂkﬂfﬂpﬂbm
TBPECTIMEN ORIENTe LUCAw DENSTITY MOOULUS OF FLEXURAL B
O NUMBER ATION  TIUN (MG/Mew3)  RUPTURE (MPA) BTRENGTH (MPA)

(CURRECTED)

(UNCURRELTED)
e dheindededuibuinbebuininiutedudesirduisdiiebududuitdibedeeiboledodadegdadode

TTBLAA Iwn 148 RAD EE 2be7 2l.0
149 RAD  EE W,”AMQ?M? e (835
153 Rap EE 29,0 N -
157 RAD  EE o 2e,8 21,7 )
7 {61 RAD EE 29,9 P T
 1eS RAD  EE 244l 0.1 ~
169 RAD  EE 2b, & 2l.3
. 173 RAD EE _ .28,y 20,47 e
177 RAD 13 28, FF I
L 18] RAD  EE 29,8 23,1
) 185 RAD tE TET.e 21,9 T
189 RAD EE B L 28,8 22,4
19F RAD EE 25,1 20,7 T
— 197 RAD  EE . Lo 30 23,7 o
eul RAD EE 30,5 23,4
- 208 RAD  EE o CB9,9 23,3 N
209 RAD  EE 25,9 20,9 -
213 RaD Ee an 2.2
BLad lea 217 RAD EE PG, 9 23.3
_ §LAB 1eA @21 RAD  EE 30,7 23,6
225 RAD EE TRT.E 2e v -
o _ 229 RAD EE  _ _ 3u,e E344
237 RAD EE FE 28,3 }
) 237 RAD EE 25,V 20,6
241 RAD EE .4 23,9
. @45 RAD  EE ﬂéﬁmi.M _ 23,5 o
249 RAD EE gH,b 2246
o 283 RAD  EE ) 29,3 _ 23,v
257 RAD EE a¢.5 23,1
261 RAD EE 32,8 2l
265 RAD EE 26,8 i, 7
269 RAD  EE i 30,49 23,3
TRTY RAD EE 29,4 23,
277 RAD EE L 3144 _ 83,9
281 RAD EE 33,1 24,5
28% RAD EE 33,4 F
LT Y P2y Y YR Y F 2y Yl 2P YYI IR R YRR RO LR YT LR Y)Y % O}
~ MEAN 28,8 MPA 28,7 MPA
(a18y, P8I (3286, P81)
87D, DEV, & £,9 MPA 1,2 MPA
{ 339, PS1) { 169, P8I)

8 v T 0 A B 6RO A O O e W B o g R TR U O W D W R e e 0 W Y R T 8 P D S @ O W
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SLAB 3I=A 1 RaD MLC 26,6 21,6
. 5 RAD MLE - . 25,0 20,6
9 RAD MLC 26,0 21,2
- e - 13 RAD. MLC.. I SY-7 7. S 21,8
17 RAD MLC 25,9 21,1
. . 21 RAD MLC - 25,2 20,8
25 RAD MLC 19,3 16,8
- . 29 RaD.  MLC . — . 21,8 18,6
33 RAD ML C 22,8 19,3
N e 37 RAD .._MLC __. e ABLB L 16,5
41 RAD MLC 25,1 20,7
45 RAD _ MLC . ——— 19,4 16,9
49 RAD  MLC 18,8 16,9
_ S3% RAD  MLC - . 21,5 18,4
57 RAD  MLC 10,1 9.5
e e . . &Y. RAD  MLC .. e .. LABLO 15,9
65 RAD MLC 21,8 18,6
69_RAD  MLC _ — 21,8 18,6
SLAB 3=A 73 RAD MLC 19,1 16,7
8LAB 3«4 T7 RAD MLC . £0,8 _ __ 17,9
Bi RAD MLLC 25,6 21,0
. 85 RAD _ MLC . . B2, . 19,2
89 RAD MLC 24,3 20,2
93 RAD _ MLC - 25,0 20,6
97 RAD MLC 22,3 18,9
101 RAD | MLC gh,1 20,1
108 RAD  MLC 18,9 16,6
1909 raR . MLC e . 2H.8 - 20,8
113 RAD MLC 22,7 19,2
117 RAD _MLC 24,0 20,0
121 RAD MLC 2e.B 19,3
129 _RAD___MLC . 22,1 . .. 18,8 .
133 RAD MLC 22,1 18,8
— - 137 RAD . O MLEC . . . .. 20.2. - 17,5 . .
141 RAD MLC 14,0 12,7

TABLE 11-¢ (Continued)

e RS Re R ERERAR R RERE R BN RRRO RGN R R®

mmmmm e BT WD BB o s e o BREL e DI B MM
LOG N, 64BU=62 SPEC, LENGTH %1, MM
. LOG DENSITY mm MG/MERS

0 T 5 BR  TR W . 00 R B R G R R R TG T G WR. A0 0 TR R R W @ e e SR e S0 ER 00 TR W T .90 R R TR U W W we

SPECIMEN ORIENT= LUOCA= DENMSITY MODULUS OF FLEXURAL

NUMBER .. ATINN TION {MG/Mx23) _RUPTURE (MPA) BTRENGTH (MPA)
(UNCORRECTED) (CORRECTED)

R W o S R D TR R S 4 0B R R S WS o o W AR TR T o R R RIS R R O OB g O R SR W W s e R R O R O SR P W R W

LT L T L I P L L L L Ay P L P I T L L LI TP I It eIy LY
MEAN 22,0 MPa 18,6 MPA
e (3192, PSI) {2698, P8I)

e v e 8¥0a DEV, R e B8 MPA

2,5 MPA
( 514, P81 ( 365, PSI)

LIy A L L L I L LI T I TR P LR LA SL LD LRI LI LS LI LI LA Ll Ll
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TABLE 11-7
ROUND~ROBIN FLEXURAL DATA: CYLINDRICAL SPECIMENS (GA DATA)

BORBIBOPOPODSLIPRNDPREIDARBBOReTRaVew

LT N0, RREGLY 8PEC, DIA, #resae MM
.06 ND, 6UBU=A2 SPEC, LENGTH  Ta, ™M
LAG DENBITY we ME /M3

LTy Y Y T Y T T I Py T YTy Y Py T Y L T Y Y TY Y T T Y
SPPCIMEN (ORIENTe LOCA» DENSITY YOUNGS PRPFRMe FRACe TENBILE
NMBER ATION  TInw (MG/Mea3)IMODULUS ANENT  TURE STRENGTH
(GPAS 8EY BTRAIN (MPAY
(RPCT) (PCT)

FRR PR PR RPN RO PR PR PR R RO PR PP PR RN RO PR R NP OO PR P Y

3heMgoh AX MLE 18,%
M2B8A hX MLE 18,4
M30A AX MLF 18,8
4524 AX MLE 18,1
HH04 AX “LE 190
Magh A X MLE 20,4
MB24 AX MLE 19,4
M528 4 X MLE 18,8
LY L AX MLE 20,4

304288 Ax MLE 18,3
» 308 aX MLE 16,8
L) AX ML F 1769
“Han AX MLE 19,68
eG4 4 X uLE 16,0
“3p4 (34 MUE 16,1
tges aX MLE 18,8

C10D4 A% ML 2043
1224 AX MLE 20,5
Iqery 3UA Ax MLE 19,9
“tage LL e 20,%
Miuda [} MLE 21,1
‘1644 AX  MLE 16,2
M{T24 AX MLE 19,7
RARZ'YY ax M E 17,0
¥1944 Ax MLE 18,1
M@0 2A AX MLE 16,4
MEULA (¥4 MLE 19,2
P22 A% MLE 20,4
are DY AX MLE 17,3
vplaa AX “LE 16,9

34=MGOR AX MLE 16,9
Me28 AX MLE 18,0
H9HR Ax MLE 19,0

“i008 AX MLE 20,4
1228 AX ML E 19,8
M26R L3 MLE 18,1
FHeMiUuPB AX MLE 19,7
SRETYE AX  MLE 19,8
Mi6UR AX MLE 17,7
MiT2R hX MLE 17,5
MiTUR AX MLE 18,4
11§48 AXY MLE 174
M2028 aX MiLE 18,7
MEO4R AX  MLE 18,6
ME22R AX MLE 24,6
M2 30R A MLE 18,3
M2 388 AX MLE 19,3

BRCPRBRPPVSIR PRIV I CITI N PIO RO RO RN AP RO RO R NN RO RN DI ERDR
MEAN 18,8

( 2721,P81)
§TD, DEV, 1,4
( 198,P8I)

PRBPR RPN YRR TR ROl P PR ERRN RPN PRI PRRRR NIRRT
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TABLE 11~ 7 (Continued)

PRRRBEREVUOPPVRPPRORFIOACTIOBIOO DO D

LAT NO, RRCGL) BPEC, DIA, andasx MM
LG D, 6UBL=82 SPEC, LENGTH T, WM
LOG DENSLITY we MGAMERY

L T Y L T T L L T LYY T T T T T T P Ty P T T,
ERFCIMEN NRIENTe LNCAs DFNSITY YOUNMGS PBERMe FRACe TENSILE
v IMBFR ATION  TION (MG/Mra3IMODULUS ANENT  TURE BTRENGTH
(GPA) SET  BTRAIN (MPA)
(PCT) (RCT)

PR CN T RPN PR RN R YRR NIRRT NSRRIV REVI DR ERNP R OB DG &

tawh 104 8 X 8C 13,2
EP0A AX EC 12,5
F304 AX EC 1.2
E4UA AX [ 4 1041
ESHA aX ke 6,8
€608 AX EC 10,9
Fr04 AX 4o 10,1
404 Ax EC 1,0
gona AX EC 11,2

LN AX EC 1048

Fiina AX EC 9.5

gy204 AX EC 10,4
1R=F 1304 AX ge 14,7
E1504 AX (14 13,8
Fia0a hx EC 10,5
F1704 AX EC 13,4
E1R04 AX EC 11,9
£1904 ax .44 11,4
Fanoa Ax EC 11,8
F2%04 AX FE $1.4
£2204 AX £C 10,3
E@i0a AX EC 11,4
E140A ax EC 187
F2104 AX EC 12,3
thmE@NR AX FC 11a1

ES0R AX ge 12,8

FooR ax EC 10,6
FiuygR ax EC 11,3
g1104 AY EC 11,%
1aeF {404 AX EC 1o
Fi150R AX EC 12,2
E1a08 AX gC 11,3
Eraon AX EC 8,8
1ReE {708 AX EC 12,7
E130R AX EC 13,9
E190R AX £C {20
FA0AR AX EC 1845
FRiom AX EC 11,8
F2euhn AX EC 12,%
B2 308 AX EC 12,5
Ep 408 AX EC 12,9

14eE{0R AX gr 12,6
E30R AX EC 13,1
E408 AX £C 13,7
ETOR AX EC 11,0
EBOR AX EC 10,3
E9O0R AX gC 12,1

tRwE 1308 AX £C 13,7

PR RSP ATSORS D OR RIS O RCERTOR PRSPV RASRLPEIRET LI

MEAN 11,8
¢ 1707,081)
51D, DEV, ]

e
( 2)8,P81)

PRENRERPER RN PRI AR OR P NN RO NP ARG B RS ORRP P RTOIPTTORTDIR RN DHE
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TABLE 11-7 (Continued)

GCPODDOVRPEDIORVDRRNDRENOBRBANNGDRD D RG0SR

LOT NO, RR(GL) SPEC, UIA, #wnsams MM
LOG ND, 6UBL=B2 SPEC, LENGTH 76, MM
LOG DENSITY we MG /MRS

SRTPPCOCRN PR POYeRerSRe LRGSR RTeserePeYatsegetReBegcreeseRe

SPECIMEN (ORIENT= L0OCA® DENSITY YOUNGS PERMe FRACe TENGILE
NUMBER ATION TION (MG/Mex3IMODULUS ANENT  TURE STRENGTH
(GPA) SET STRAIN (MPA)
(PCT) (PCTY _

PERCEN RPN G CR R COOT R YRR PR P RPRURRP R TR R TR OTe R ERRCReRURRREe

1A= E9 RAD  EE 7.6
E19 RAD EE 11,0
£29 RAD  EE 9,5
£ 30 RAD EE 7,0
£49 RAD EE 11,2
£59 RAD EE 5,2
E69 RAD  EE 13,8
£79 RAD  EE 14,2
£89 RAD EE 11,3
£99 RAD  EE 10,9
£109 RAD T 9.4
£119 RAD  EE 11,1
F129 RAD  EE 12,9
£139 RAD  EE 14,4
E149 RAD EE 15,6
£159 RAD  EE 15,2
F169 RAD EE 18,2
£179 RAD  EE 11,1
1A=E 189 RAD  EE 10,1
£199 _RAD  EE 11,2
E209 RAD  EE 11,2
£219 RAD  EE 14,4
£229 RAD  EE 10,6
£239 RAD EE 8,5
E2u9 RAD  EE 15,9
£259 RAD  BE 16,8

YT 1 YT YE Y11 Y1111 Y132 133279 Y223 3 3R S 3 2 XX 2 L2t X 2 2 2 R a2 2 2 22 g Mg b )} L
ME AN 11,8

( 1706,P81)
870, DEV, 3,0

( 429,P81)

BERRCBRTRORCYRERPCT RGP IREPRUC PRI RIOTIORNCORCRRCRIRERRRRR RPN TOBS
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TABLE 11-7 (Continued)

PLVeRS LR RP LRV LR RRRRRRRSERaRBRR

LOT N0, RREGL) SPEC, DIA, #usntwn MM
LG N0, 64BU=RZ SPEC, LENGTH 76, MM
LOG DENSITY =e MG/Man3

PRSP RERRVIYR RV PRV P U RGO R PR RR R R RO P ERPOR PR RY R TR BB RERSB R RS

BPECIMEN DNRIENT= (NCAe DENBITY YOUNGS PERMe FRACS TENSILE
NUMBER ATION  YION (MG/Mex3IMDDULUS ANENT  TURE STRENGTH
(GPA} SET STRAIN (MPA)
(PCTY (PCT)

CORNPDRCOCRD R RO PO BN PR RO CP R RN NN ER PR R P IRERO U RO NP BRS

IBs169 RAD MG 6sl
M79 RAD MLC LIS
MBQ RAD ML C Geb
Moo RAD M€ 11,8

M09 RAD MLC L P!
Mi{19 RAD MLC 10,0
MiLee RAD MLC 6,8
M1 39 RAD MLC 8,2
Mi49 RaD MiLC byl
M189 RAD MLC Teb
{69 RAD MLE Te9
Mi79 RAD MLC 8,3
Jaemige RAD ML e 9,0
M199 RAD ML € 7.9
M2UO RAD MLC 9,8
219 RAD MLC 6,8
M2e9 RAD MLC bed
M 39 RaD MLC To8
MUY RAD ML e 12,4
M289 RAD MLC {26
M2bo RAD MLC 11,8
M279 RAD MLC 14,0
MERo9 RAD MLC 13,8
HaG9 RAD “LC 14,4
M309 RAD M, C 10,8
M319 RAD MLE 11,8
M329 RAD MLC 11,9
M1%9 RAD ML L I
M349 RAD MLC 10,7
M359 RAD MLC - Te9

38e M9 RAD ML 10,3
MiG RAD MLC 10,7
M29Q RAD MLC 1.8
M39 RAD MLC i0,8
M49 RAD MLEC 10,4

L RAD MLC 13,4

BPRBPHUVEHPEEBPPEERCTRIDRIREBPPRICOOREPRRDIRERI R TORRPUPTERRPOPROIEPR DR PDD

MEAN 9,8 -
( 1417,P81)
8§70, DEv, 2,4

- B ) ( 349,P81)

SRYeERNRDIRNC LRGN R ST SCRCOR R AR ROLNOC R RN OReY RSP IR R BRRBBeR
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TABLE 11~ 7 (Continued)

RGP BPEBDRORDOPNFOP PRI RBErPIRI R PO S

LOYT NO, RR(GL) SPEC, DIA, wwanwe MM
LG NO, 648482 8RPEC, LENGTH 76, MM
LOG DENSITY ee MG/Merd

[ Y1 T2 X R T R XYY I R 212 Y 2 Y YT T Y R YT YT XFEY ST R YRS YR RS2 REPY R T R SR YR Y O 3 0
SPECIMEN (ORIEnTe L0OCA= DENSITY MO0ULUS NF FLEXURAL
NUMBER ATION  TION (MG/Merdl) RUPTURE (MPAY STRENGTH (MPA)
(UNCORRECTYED) (CORRECTED)

RRRCEPRVEIONPROCEVD TN CRRPOSPPOIOP PRSI NI PRV PRI OREP R

l4eM20 AX ML E 26,7 25.4
Mib ax MLE 29,4 2%,¢
PG AX MLE 26,4 2%, 1
M22 X MLE 28,% 24,6
M8 Y AX MLE 25,9 22,8
MAY AX MLE 29,9 2%, 3
M24 AX MLE 27,8 2,
M5 h AX MLE 26,4 23,1
M86 AX MLE 28,7 24,8
Mitb 'y | MLE 29,3 29,1
Mi24 . AX ML E 33,4 e7.7
M{20 AX MLE 29,4 2%,2
38aMI00 AX MLE 28,5 2U,b
M1T0 AX MLE 28,9 24,9
M140 AX MLE 34,8 28,2
M208 AX  MLE 30,5 2%,9
M{T8 Ax ME 29,5 25,3
Mi4a AX ML E ) 30,4 25,9
M210 AX  MLE 28,2 244
180 AX MLE 29,7 25,4
Mi%0 &¥ MLE 30,8 26,0
M228 AX MLE 27,6 24,40
M236 A% MLE 28,9 24,9
M4 _AX MLE L 30,9 h 26,0

ﬂﬂﬂl”ﬂﬂﬂ*ﬂﬂlgﬂﬂﬂﬂauﬂﬁ”ﬂﬂlﬂ;ﬂﬂﬂﬂwﬂ’ﬂunﬂ.nw"mﬂ"ﬂ’ﬂﬁﬁﬂﬂ-ﬂ.ﬂ-ﬂ'u

MEAN 29,1 MPA 25,0 MPA
i (d2e8, P8I1) (3686, PII)
8700 DEV. 2.0 M@ A 103 MPA

. o B ( 284, PBI) ( 188, P8I}

GOPRPTGRVDCCOTRNVDO R TECT TSRO PV OPONGOIR TR OO PPN TERRB R EW
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TABLE 11-7 (Continued)

BOEOPRPEIPROPRRTNEEORGPR VRN RV RRDERB RS D

LOT NO, RR(GL) BPEC, DIA, aesans MM
L0OG NO, 64BU=RR 8PEC, LENBTH T6, MM
LNG DENSITY we MG/ MEw]

.QQ"Q'OOCQOQ..."Q-'.ﬂ-ﬂ"-Q'-D.QQQQQQﬂQO.QQQQ’QﬂIQDQHOQQQQHQv

8PECIMEN MRIENTe | NCAw DENSITY MODULUS OF FLEXURAL

NUMHAE R ATION  TION (MG/Mewn3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED)Y (CORRECTED)

MEREURLRLT RO PR RPN P TP PR reseRn et ro R R REBERRP e

1Aw EA AX EC 26,8 23,4
E1B AX EC 21,% 19,4
E2R AX EC 21,1 19,1
g3ia AX EC 18,4 16,7
E48 AX gc 19,7 18,0
E58 AX £C 19,0 1749
Eebd A X EC 22,4 20,41
E78 AX EC 19,7 18,0
Eaa ax gc 20,9 18,6
E98 AX EC 20,1 18,3
Ef108 AX EC 19,2 17.6
E118 AX EC 21,8 19,2
1B=E128 AY EC 21,9 19,4
£138 AX EC 22,6 20,3
E148 AX EC 2d,! 21,4
€158 A¥ EC 19,0 17.9
El68 AX EC 19,8 18,1
E178 AX EC 23,8 21,8
F£188 AX EC 20,6 18,7
E198 AX EC 23,8 20,7
E208 AX EC 21,8 19,7
gE218 AX EC 2leb 19,98
E2es AX EC 20,7 18,8
g23s AX EC 22,5 20,3
EQ4A AX EC 19,14 17.9

RRBBBBRBRBRECPHBRERD TP PNDRODRDDRR PRI BRNRTBPRREPB PP RO REHW RS

MEAN 21,8 MPA 19,8 MPA

(3079, P8I (2784, P81)
810, DEV, 1,9 MPA 1,5 MPA
¢ 217, P8Iy ( #17, PSI)

BRBREREBRDERPARCT PRI RERPIRROROPRPRETDICOTRICCPRICOR DD AP D BB
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TABLE 11-7 (Continued)

(22211132 X211 2R 2 2 X2 2322 2fr2 1222222 EXay 3}

LOT ND, RR(GL) BPEC, DIA, exxenn MM
LUG NO, 64B84mf SPEC, LENGTH T, Mm
LOG DENBITY »e MG/Mued

ERVOPPERNNERPCTOP PRI PEICEDDIROBP IR TP PRI PP RPOPIRIRRRDD R

BPECIMEN ORIENTw [ OCA= DENBITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/Mux3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)

PRPRACRPETBIRPTCTRONPRARDPICPENIPCR DU RDIFINERENCR PP REPRPRARO RGBS

{Ae E7 RAD EE 19,1 171
£17 RAD EE 20,9 18,%
£27 RAD EE 21,0 18,6
£37 - RAD (] 2 20,7 18,3
E4T RAD EE 20,0 17,8
£87 RAD £E 20,4 18,1
£67 RAD EE 20,9 18,9
E77 RAD £E 244 20,9
ERT RAD EE 23,9 20,6
£97 RAD EE 2U,6 21,1
E107 RAD EE 27,4 22,9
E117 RAD EE 28,1 23,3
127 RAD EE 28,2 23,0
F137 RAD EE 24,1 20,7
E147 RAD (44 24,8 20,8
E187 RAD EE 27,0 22,6
E167 RAD EE 27,1 22,7
E177 RAD EE 28,8 23,7
1A=E 187 RAD EE 23,1 20,1
E197 RA&D EE 19,9 17,7
1AmE207 RAD EE 21,6 19,0
E217 RAD EE 22,9 19,9
E227 RAD EE 23,0 20,0
£237 RAD EE 16,2 14,8
Fau7 RAD iE 30,19 24,4
287 ~ RAD EE 28,1 23,3

(11111122 7Y Y18 P ST YRYIETIR SRR IR RIS T Y YRS RRYYYS R OEOYORY

MEAN 23,7 MPA 20,3 MPA

(3434, PBI) (29%0, PSI)

8Yo, DEV, 5.6 MPA 2,4 MPA

( S18, PSI) ( 383, P8I)

LSRRV P VLRI RNV ISP PRACREO RIS REoPafOReSRRR SR eTORe DY
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(YYTYRT YT T YIS YR YRS R YT 2SR 2 2 0 2 AR AR X 22222 X1 X2 2 2 0 0

NRIENTe LNCA= DENSITY MODULUS (OF FLEXURAL
ATION  TION (MG/M#x3) RUPTURE (MPA) STRENGTH (MPA)
(UNCURRELTED) (CORRECTED)

Qnﬂ’Qﬂﬂﬂﬂ""ﬂ.ﬂﬂ'ﬂﬁﬂ""""Qﬂ."‘QQQ.ﬂ'.Q.”.QQQCQ'QQ'.‘Q.QQ.

SPFCIMEN
MIJMBER

IBw M7
M17
M27
M37
My
M57
MbT
M7?7
Mﬁg?
MQ7

M1OT
Mi17
M1e7
M{37
M147
mig7
Mi6?
M1T77
34wMiRY
M197
M207
Mai17
M2e?
M2 37
MR47
M3S7
M267T
M277
M2RT
M297
M307
MXLT
M327
M3S7
MRa7
M3E7

RAD MLC 16,8 14,8
RAD MLC 20,2 18,0
RAD MLE 20,1 17,9
RAD MLEC 2144 18,8
RAD MLC 19,7 17,6
RAD MLE 17,6 16,0
RAD MLC 17,0 16,0
RAD MLC 20,7 18,3
RAD ML, C 17,8 16,14
RAD M€ 20,2 18,0
RAD MLC 21.3 18,8
RaAD MLE 2049 18,2
RAD ML 16,9 18,4
RAD MLC 19,4 17:3
RAD MLC 19,6 17.%
RAD MLE 18,4 16,6
RAD MLE 16,8 16,4
RAD MLE 19,8 177
RAD MLC 12,8 18,0
RAD MLE 18,4 16,6
RAD MLE 16,7 15,2
RAD MLC 18,3 16,9
RAD MLC 19,7 17.%
RAD  MLC 13,9 13,0
RAD M€ 20,% 18,9
RAD MLC 20,9 18,5%
RAD MLC 23,0 20.6
RAD ML L 22,7 19,8
RaD L 23,4 20,3
RAD MLC 21,7 19,1
RAD ML 22,0 19,2
gAD MLC 19,5 17,4
RAD MLE 23,3 20,2
RAD MLE 21,8 19,14
RAD MLE 20,3 18,1
RAD MLC 21.3 18,8
A I L L L LT LTI
MEAN 19,6 MPA 17,95 MPA
(ga8ag, P8I (2537, P81)
$TD, DEV, 2,4 MPA 1,9 MPA

TABLE 11-7 (Continued)

(Y I XTI XY 2 YL Yy LRl Aty d Y

LOT NO, RREGL) SPEC, DIA, wxmawe MM
LOG NN, 648LU=82 8PEC, LENGTH Te, MM
LNG DENBITY e= MG/MEaT

¢ 358, PSI)  ( 275, P8I)

PGSR PRCENDL DTSR RN RSV RN RNV O ORRBRUT PR RUPORIR DN P RIOTIRNIEB
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TABLE 11-8
ROUND-ROBIN FLEXURAL DATA: CYLINDRICAL SPECIMENS (GLCC DATA)

BROPRRICRDERCORR TR RO RO RN eReon®

LT N0, 426/RR GREC, LDIa, #amaar Mm
hnG MG. 633“-32 8PECQ LENGYH 7@. L]
LG DENSITY 1,73 MG/Mhnd

(22 LA AL X A S I A ARt AT RY X2 Al 2 i X2 2 XYYy ¥l
SRECIMEN [RIENTs LOCAe DENGITY MODULUS OF FLEXURAL
MHMBER ATION  TIun (MG/vewd) RUPTURE (MPA) STHRENGTH (MPa)
(UNCURRELTED) (CURRECTED)

Ll A 2 X A A2 R R R Al iRl 2R XY Rl 2l il YRR YESRE S 2 3 2 2 0 F |

BLAR 3 M4 AX ME 26,9 28,41
MU0 AX “LE 23,1 20,7
MT0 AX ML 28,8 24,8
AR AKX M E 23,8 21,8
MTH AX “LE 27,9 Fl, @
MiBR &Y MLE 26,5 £3.¢
180 AX MLE 25,6 2e.b
ABO AKX MLE 27,2 23,7
MiIto AX ML F 28,7 4,7
My{R AX “E 29,8 2%,5
MLie AX MLE 29,48 25,9
M@Nh Ax MLE %0, 2b,0
MiTh AX MLE 30,8 £b,2
4146 AX “LE 26,1 22,9
MP1a AX MLE 24,9 2,0
MiBHd AX MLE 26,7 23,3
M1Bd AX MLE 2T 4 23,9
M21e AY ML E 28,0 24,2
SLAR 3 ~1R& AX “LE 29,8 25,5
Mi%h AKX MLE 28,8 24,8
M2IUA AX MLE 2T 4 25,8
MABUD AX MLE °B,3 28,8
mPldm AX ML F 29,4 28,0
LR A L L A Y Ly sl 32y Azl Iy oyl
ME AN 27,0 MPA 23,9 MPa

(3997, PSI) (3471, P8I}
370, DEV, 2e1 MPA 1,9 MPa
{ 307, P8I) ( 217, P8I}

NPPRPCTRIEINP RPN R PR RS GTANID TS SRR R PS R PERS R R PROR DR BB
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TABLE 11-8 (Continued)

VLTV RP OB RCRRNERRETRRORRERRORR RS

LY w0, 4Pa/RR SPEC, 214, #skarea "M
LOG NO, bLBRUmR2 SPEC, LENGTH 76, "M
LG DENSITY (1,73 MGAMERT

L Y e L T L L T Y T YT Y Y Y

SRELIMEN  HRIENTe LiICAm DENSITY MODULUS JF FLEXURAL

NIMBER ATION  TIOo (MG/Mkx3) RUBTURE (MPA) STRENGTH (mPA)
(UNCURRELTED)Y  (CODRRECTED)

LR L LR A A 2L X L L A L LYyl Xt gy XAyt Y XXy X X8 % X X

SLAR | En Ax EC A 18,6
Fle ax EC 21,7 19,6
Ede 4X £EC dlU.b 16,7
Eio 4% £ 18,1 16,7
Fdh ax EC 22,8 Pu, 1
Fhe AX EC ddod 20,0
EFah AX EC £2,.4 20,1
F76 AX EC 20,6 18,7
ERA AX EC 21,0 19,0 .
£E96 AX EC 22,¢ 2UeV
E106 AX EC 21,1 191
Elle AX BC 23,7 #1.8
Ei26 AX EC 2l,b 21,8
E13s Ax EC 24,9 e, 0
EFlas ax £EC 29,3 e%,¢
E1%6e AX EC 22,40 19,8
Fisb ax EC 20,3 18,5
Ft7e AKX EL 2l.¢ 19,7
Eibt AR EC PN 18,%
SLaR | F1Os Ax EC 21le3 19,3
ER204 AX £EC el & 18,7
ER214 AX FC 20,8 16,9
F2aa AX EC 1R - 1741
E2%a6 A EC 24,5 21,8
E246 AX #C 22,1 19,9
BERBDERNBTP ST RN PRADRABFRAC RV N DD VERE NP RPN RN P AR DRGNP
ME AN 21,9 MPA 19,7 mPa

(3174, P8I} (2888, PS])

810, NEV, 8,5 MPA 17 WPA
( 327, P8I} { 250, PSI)

EPRBRRBOO NGO R RPN U ERPRY PN S EP e PN AG NI RO R AN PR RS RRRRB®
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TABLE 11-8 (Continued)

o WG G OB R T W P B 6P T D S G0 O G O WD TP R TR AR 4R U VR WD op 60 %R R U W O @

LUT N, d2e/Rk SPEC, RIA, #ankas MM
LG N, b4B4eRp SPEC, LENGTH Th, “m
L7IG DENSITY (1,73 M /Maed

LT T XX R X TR YL YYREYEYFEEYYEPYEYYYYEY XYY YRR YYYESYEYRER S ON]
SPECIMEN RIENTe | UCte DENSITY MUDULUS OF FLEXIIMAL
WUMBER ATTuN  TIum (MG MaR3)  kUPTURE (MPA) STRENGTH (MBPA)
(UNCURRECTED)  (CORRECTED)

LA R L A AR XX R X LA A A R sl X Y 22 R 2t 2 22 R R 2y Y 2 X 0 8 3 )

SLAR FS RAD BB 18,1 13,9
F1%8 KAD EE 18,1 16,3
£E25 RAD  EE 17,3 16,7
EX% RAD E& 18,8 16,4
Eul R&LD EE 18,% leeo
F88 RAD 3 elq 19,0
EeS RAD FE 24,3 20,9
£7% PAD EF 19,6 17,5
ERS RAD £E euq? 21.¢
E98 RAD EF 21,9 19,2
E1NG RAD EE 16,2 14,8
F11S RAD EE 2b. ! €Ce1
Fi128 rap EE 24, o 21,¢
£135 Ran EE 249 21,3
E145 RAD EE 28.4 203
E1RS RAD EE 25,6 21,7
E16% RAD EE 25,6 21,48
F178 RAD £t 24d,et 20,8
P1KS RAD  EE 21,0 19,0
SLAR 1 E198 RaAD £EE 17,8 1N T
F2as RAD Ef 22.3 19,%
E215 #an EE 17,4 16,6
E2P% RAD EF th,0 18,1
E23% RaD EE 20,8 18,0
E248 RrRaD FE 27,3 22,8
E25% RAN £k 28, é 23,4
LA L L A A LT Xl ry Lt syl ryfsfy s Yyt X2 Aoy sy ry Y X 3 ¥
ME A 21,0 MPA 18,8 mMPA

(3130, P8I) (2734, PSIY
8Tn, DEV, 3,8 MEp 2.8 VPA
( 8849, PSI) ( 403, PSD)

RDPETOU RO RS AP R P R RO PP RO R PO S ER RO R SRR Pe R RBBE
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WEARNBEBORRRECCECRPOT NPT OB NENPRRRP DO ERR RPN OO NP ORRBER RO

HRTENTe |L(ICA= DENSITY MODULUS 0OF FLEXURAL

SPECT“EN
GLIMMER

LA RS LR A XA XY A3 2 X A Ll X2 ¥y il X R il ity oy Y Ryvew?s X X3

SL.aR 3

BLAR 3

MBPBRBREBRDRBPRRBRPRDPTARGDODRBRROERVRPEBCRRNRTPPRUCRRNOPRPPIDRRBRDS

WRBHEBRRBDAI PP RDERBDIDNDRERARCRORIOPRPBORBPP I PRI IRRRRNTDRPDE® B

TABLE 11-8 (Continued)

PRBCRBRBRPBRECAD RN RRE B R ReEU R TR RA RO B

LOT MU, 426/RR §PEC, LIA, Rk hdh MM
LOG v, odBi=fg 8PEC, LENGTH Th, M
1NGE PENSITY 1,73 MG AMa D

ATIUN  TiUr (MG/¥ux3) RUPTURE (MPAY STRENGTH (mPa)
fUNCORRELTED) (CORRECTED)

“§ RAD ML 21,3 18,8
MR RAD MiE 17,9 16,8
“25 RAD MLC 19,2 17,2
438 QAD vLe 17,7 16,1
MUS RAD MLC 21,1 18,7
M8 RAD ML C 18,8 16,9
‘58 RAD MLC 13,1 12,8
M78 RAD MLC elyb 18,4
ARG IAD MLEC 20,¢€ 18,0
Mg RAD i 19,0 17,4

Mirh RAD ML C en,7 18, 3%
MithH Ran “LC 19,9 17,7
MU2S RAD ML 18,1 1b,4
41 3% RaAD L6 15,5 14,8
MY4S Ran “LC 18,7 16,8
M{&RS RAD MLC 17,7 16,0
168 RAD MLE 16,6 14,3
M17% RAD “LC 16,9 18,3
L1A® Q80 vi.C 1661 14,8
M{98 RAD L e 16,6 15,2
MACH RAD ML C 15,1 13,9
4218 RAD vLE 14,8 13,7
MELE RAD “LC 18,6 16,8
235 KAD ML 18,0 14,3
MAU® RAD M, € 19,6 17,8
MARS waD “L.C 20, 17,8
MPHS WAD MLC 22,3 19,8
M2TS RAD ML 15,7 14g4
MAKY RAD ML L 23,0 20,0
M29% RAD M0 19,5 17,4
M35 RAD MLC 19,7 17,6
M31§ RAD ML 21,9 18,9
MER2E KAD “LC 21,9 18g6
M338 RAD “LC 20,9 18,5
MUY RAD WL 1647 19,8
M358 RAD MEg 2le1l 18,7

ME AN 18,6 MPA 16,7 MPA

(2699, PS]) (edege,

§TD, DEV, o4 MPA 169

P8I)

MP A

¢ 350, PSI)  ( 274, PSI)
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TABLE 11-9
ROUND-ROBIN FLEXURAL DATA: SQUARE CROSS SECTION SPECIMENS (GA DATA)

o S D GEe e e GO e G Gy G O T G W GRS G G G €D Sh MB Gio D D a wp mp Gl R G Gm wm b

LOT- NGO —RRAGE - e

LOG NOe 6LBL-12

L6l DENSITY mmm o RGN

S PEC DI Ao
SPEC.

LENGTH 51,

SErLIMEN  GRIENT- LOCA- DENSITY MODULUS OF FLEXURAL
Uk BE ATION  TFION MGAMERI) RUPTURLD EMPA) STRENGTH {(MPA}

{UNCORRECTED)

{(CORPECTLD)

1A-144 £ X LC 1746 5.9
148 AX. ol - — _24.1 20.9
g0 A X £C 2845 23,9
156 A% - £€ S 25 .8 2241
169 AX (r 24,5 2102
lek e MY e BB e — . 22348 20 i
163 By (c 1649 154
172 — A% £C 258 22.1
176 AX FC 19 o4 17.6
1R A% BE 2145 19.0
184 AX LC 2340 702
- Ye8 O AUSNTE WF QU ——. - - RE ed 135
102 A X oe 2U o4 18,1
196 A% - - — 2145 16.9
P! A X £C 2542 2146
204 S S o 22 6 19.8
21 £ X £C 26,1 20.9
1p-012 o BXe - EL e 237 - 2046
216 AX LC 25.¢ 2241
.20 X e - 2742 2z,
10-224 A X £C 27.6 23,2
223 AX _ EC . ~22eb 19.7
232 AYX fC 234 204
. 236 AX. __EC - 28l o e P eE
240 A X Fe 2640 2262
T AX.  LC._ . .. 2led o 1846
cue £ X EC 27.1 2249
_ =282 o OAX L LC o _2Tel . - . 22.9 _
256 AX Le 2068 2542
- YN I LAY e - P TP - A SN -SRI
J64 AX Le 27.8 2343
. 268 . _AX. kO . . 204l - 24,8 -
212 AX £c 2546 7149
o 216 . - _AX__ _LC - 27.1 23.3 - -
280 AX £C 278 23.4
ME AN 24,6 MPA 21.1 MPA
. e~ 43561e-PSI) . (3062, PSI)
e e 51D, DRV, SZ3 MPA . _ 2,3 MPA
{ 472, PSI) ( 335, PSI)




- B aw e g awe

SPECIMLN
NUMBER

Eo N R o N R XN ¥

Ia- 6
--18
12
—16
22
B
28
S
e
-b4
46

BURN SO
£, 2
291
€4
66
bu
S$B=.78

- .95 .

T e G T e S oS S G TR G ST G W N 00 Wir G GU G G G owe G Y TDU OM G G e e G dEe S SN o o G e OO OGN G de oo

S P SR P ISR OT

TABLE 11-9 (Continued)

LOT NOw-REAGLY . - . . SPEC. DIA.——
LCG NOo 6UE4-E2 SPEC. LENGTH

DG LENSIIY s MG A MR T .

CRIENT= LOCA~ DENS

SR

1YY

T O . T,

MODULUS OF

H-olh MM
fle MM

A AR I R I .

FLEXURAL

ATION- JTJON 4MG4MEEZF RUPTURE (MPAJ- -STRINGIH- (KMPA)

AY MLE
AX-  MLE — -
AX LN
LX. MLE
AX MLE
- S S ———
AX MLE
AX. MLE.
AX MLE
AX My F —
AY My F
. SN .Y W S
A X Mer
AX - MLE -
ax vLr
AX.. MLE
AX “iLE
N GUSHENS & WS ) —
A X MLE
AX . MLE. -
AX MLE
LY MLE
AX MLE
A BLE.
&X MypF
AX MLE .
aY FLE
A MLE
AX MLF
A nBELE . e
AYX MLE
~AX L MLE. ..
AY MLE
L.  MLE . .
AX MLE
ME AN
e T Gre-BEY e —

{UNCORRFCTED)

{CORRECTFDY

0 B LB TR R, VIR R S, PN AR SR LRGSR LI SR AT B s o e oy

37.2 2845
3541 215
J4 .0 270
317 — - 25617
3265 2€e2
35ed - R S S - 8
317 257
348 270
261 260
312 - 255
¥5.7 ?7e9
— Bbgd e 274
34.5 272
3168 256
3267 Pbe 3
347 273
33.0 268
30-eib 2586 -
302 24e9
Sleld - 254
338 769
345 27.2
T3ed 26e9
Sl H4 258
3646 PR 2
- 32e6 26.8
265 726
— 310 2.4
34,2 7761
R 3 — led
31543 7Teb
- 3hed 2Fed
35.5 277
Bt . S 28.8 -
204 250
33.3 MPA 26.6 MPA
—ti4B833. RSIY 13855+ RSI1
e —ewth YRA - ted MPRA
{ 341, PSI) ¢ 184, PSI)
o AL S P L B RS

*




TABLE 11-9 (Continued)

WCW NN ——

wwwwww DT NO—RRAGEI— - S PEC BT A v ekt M -
LOG NO. 6484-P2 SPECe LENGTH 51 MM
— e ek GG BENS TN RTT-WIICOR S

R O R RE D GET 5. G B S

. G ST T ST B0 . e S T, T T 5 S5 00 P AT, S0 T D, 10 S .

SPLCIMEN ORIENT- LOCA- DFNSITY MODULUS OF FLEXURAL
—NUMBER— - ATION TION {MGAMER3 ) —RURTURE - (MPA) STRENGIH (MPA)
{UNCOPRECTED} (CORRECTED)
18-147 RAD EE 18.0 159
- 151 --. ——RAD EE — S5 3% [, ¥ - TS
185 RAD £E 2643 214
. 159 . RAD . _xEo o 163 - . lheb -
163 RAD £E 2245 19.0
- 167 e RAD - EE - % S U ¥ - S - W
171 RAD LE 2442 20.1
— 175 - —— _PAD - _EE__ 24,8 —-- - --20.0- -
179 RAD CE 2345 19.7
183 “RAD - EE- . 27,8 - S-22.2
167 RAD £F 227 19.2
—ed 9l e e RAD . LE 2806 e e e B lha b e
195 RAD EE 3140 23,8
159 RAP - BB e 27,0 - ~218
23 RAD EE 2847 22.7
207 - - — RAD E - 27.8 - —-21e8
211 RAD LE 2840 2243
.. els LD EE _— 2E b IS P . -
1A-219 RAD EE 28.9 2248
223 . RAD. _ EE - S & - - 23.9.
227 RAD EE 32.5 24,3
- 231 .- RAD LE & S 220
o35 RAD £E 2540 7067
2z9 RAD LE. 26..5 21leS
243 RAD 33 3442 24,9
- 247 . __RAD _EE_ 2965 . . .23} .
251 RAD LE 2645 2145
. 285 . RAD . EE. . . 3002 o 23k
259 RAD £E 33,2 4.6
263 BAD £E 32 .4 24 .6
267 RAD EF 30,2 23.4
. 211 .. RAD £E 33,0 24,5
275 RAD LE 29.8 23.2
R A I BAD £EE K9P | X -
LE3 RAD EF 32.5 24,3
ZRB7 BAD £F 25 ) 25 .3
- . ME BN 2l.e9 HMBA 220 MDA
(4045, PSI)  (3187. PSI)H
STD. DEV, 4.5 MPA 2.5 MPA
{ £5T7...P8T3 £ e, . . BCT)




TABLE 11-9 (Continued)

L0 T NORRPAGL SPECe—DIAv YO TV
LOG NO. 6454=-82 SPEC. LENGTH  S1. MM
SRS B+ ¥ - oY YE 3 & VAN 'Y -1 £ — S e

D S R SO OO SOOI U0 S, GRS O LI S . S At . S SRR SR SR ST D S AN R S £ s . s

SPECIMLN OPIENT- LOCA- DENSITY MODULUS CF FLEXUPAL
CNUMBE R - ATION— TIGN {MG/M&x3)  RUPTURE {MPA) STRENGTH MRA)
(UNCORRFCTED) (CORRFCTED)

iB- 3 RAD ML 231 194
- - T RAD—— Bl — - e g2 e - - 328
11 RAD MLC 2345 19.7
3B s~ RADMEC. — 18-+8 - - 16¢5--- - -
19 RAD MEC 176 5.5
SRS, SIS - ¥ « SISO * ¥ - e X S SO % U0 ; S —
27 KAD ¥LC 19.5 17.0
——31 - - RAD MLE 36w F e — - - LS
3% RAD MLC 24 .0 200
~39 — - RAD— MLC . - - 188 - - lbeS - —
43 RAN MLC 24 .0 200
e b T e RBD e ML 230l SR, 1 SN < B —
€1 PAD ML C 18.6 1603
B8 L RAD . MLC 190 ; 1667 - .
59 RAD MLC 19.9 173
e 63 - - L RAD ML e 208 . 176
€7 RAD MLC 216 18.5
SO & NI ~3 - A S *3 W SO USRS 3 S - | . 1.9.0.3
Ia- 7S RAD ML e 2063 17.6
19 - L RAD_MLE. . 1beb — —— e T
£3 RAD MLE 18.4 1662
— -8 . RAD. _MLC S 208 e - 17e9 .
91 RAD ML C 212 1862
w25 L BAD i1 C [ 3 b . PR 16 .6 .
ga PAR MLC 276 22.1
N § ol QR RAD. . MpC 1867 - - - — lbel ..
107 pPAD MLC 24 .8 20.5
11T RAD. __MLC o 2Te0 21e8. . _.
115 RAD My C 2269 193
119 ... BAD MLE 220l 19 dh. -
123 RAD MLC ~ 2540 20.7
27 e BAD MLE 2363 i s 19 .
121 RAD MLC 2547 21.0
. .l35 BAD . MLOC . 238 - . 19.9 -
139 RAD MLC 21l 18.3
143 RAD My L 2ol 20 .1 R
MEAN 216 MPA 18,4 MPA _
{3133, PSI} 12662 PSI)
5TDe DEV. 3.1 MPA 21 MPA
— L Sk, PSI £..310...PS1)

- T G W D G G G D WP GD A W@ G W D U b oI WS e OB ew G D G G G Oh O GRS o e I OD n G WY Gp T G G S G5 O @R W G5 G SR O G an G e



TABLE 11-10
ROUND-ROBIN FLEXURAL DATA: SQUARE CROSS SECTION SPECIMENS (GLCC DATA)

s o W R T G e dR D GBS B Gh G Wh @D OB Gh WE oM G GN GD P WS 6B U0 OB @D @ Gb W G0 G W WD @

. LOT_NO. RRUGL) _ SPEC, DIA. _s#hkkds MM

LOG ND. 6484-82 SPEC. LENGTH 76+ MM
L0 DENSTIYY == MG A M%ET e e
" SPECIMEN ORIENT- LOCA- DENSITY  MODULUS OF  FLEXURAL

—.MNUMBER ATION _TION (MG/M*%Z) RUPTURE (MPA) STRENGIH (MPA) .
(UNCORRECTED)Y (CORRECTED)

14~ E8 AX EC 2542 2263
E18 .. AX __EC e o 8D . 18e8 .
g28 AX £C 19.9 18,1
. k38 . _AX _ EC . AT ed .. _15a.8 e
gusg AX £EC 185 17.u
e £S5 L bX £EC 1824 D LY
£es AX EC 21.0 1961
- _E78 Y. . SR % S & : 'S~ S ATl .
£8¢& AX £EC 19.3 176
. Es%8 _  _____AX __ _EC — 18.9 . . 17.3
£108 AX £EC 1861 16.6
£118 AX £C abiell o A8e2
iB-E178 AX EC 2de2 18,4
. Ei38 _AX . EC —— 213 19.3 . _
glus8 AX £C 226 203
_E158& Cooohx O kC o 1804 17,4 e
£le¢ AX EC 18.7 17.14
£178 - AX EC 2424 e L2063 .
Fiss AX £EC 1.4 17.7
. Eige. ] AX __EC . 218 . A%
gFzas AX EC 2065 187
. bzie _AX o EC . . . 283 . _ 18695
Eo2s AX £EC 195 17+8
£23¢ ___ AX £C 21.2 19,2
Feag AX £EC 18.0 160
MEAN 200 MPA 1I8.2 MPA
o B (2897, PSI) (2639, PSI)
) STDe DEV. 1.8 MPA 1o MPA
( 261« PSI) { 208, PSI}
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TABLE 11-10 (Continued)

. . LDT NOe RRUGULY _ __ _SPEC. DIAs ¥ MM .
LOG NO. 6484-82 SPEC. LENGTH T6e MM
s = . LOG LENSITY =-. MG/MAE%XD e e e
hafhustndioiburioinntindinniosfindiuadoedhonfinadhvadiifibosfandaginaiusibos s diuaivuthodiagisiveriusgiueion St ofoatuntialinatiivoiindhesheadieivedindiodiuiveibeshutuatiuduti.Sad o tac NS
SPECIMEN ORIENT=- LOCA= DENSITY MODULUS OF FLE XURAL
NUMBER ATION - TICON (ME/M%%3) _RUPTURE (MPA) STRENGIH (MPA)
(UNCORRECTED) (CORRECTED)
Tp-M2 7 LY MLF 25,2 22.2
. Mué - AX MLE . L 276 - . 28el
MT6 AX MLE 24.9 220
oM22 L . AX_ O MLE . L . 268 . 23sH _
ME 4 AX MLE 24 .4 21.7
—mge o AX L MLE . .. 21ad Rl
M24 AX MLE 262 2360
JME6 AX. MLE o 288 _ _22ak _—
M8 & AX MLE 270 23.6
_Mile AX ___MLE _ - e 2705 239 . -
Mi2u AX MLE 31.4 26,5
LN L L AX _ _MLE 211 R4 P W
3R-M2 L0 AX MLE 26.8 23.4
M17V AX _ MLE o R Y-S — - a3el -
Mi4L AX MLF 3.1 2Te0
Mg L AX . _MLE 287 .. _ 287 3
M1T8 AX MLE 278 2461
Miuss . AX MLE 2846 — . RYeT o .
M211 AX MLE 266 2302
Mig{ _ A o oMeEe 278 .. _ 24.2 -
Mis o AX MLF 28,7 2468
M228 . __ . RX MLE L 26a0 . . _ 228 . .
M236 AX MLF 272 23.7
_M242 AX MLE 28,1 2408
— .. MEAN 274 MPA 23.8 MPA
(3072, PSI) (3455, PSI)
STDe DEVe. 1.8 MPA 1.3 MPaA

{ 267 PSI) § 185, PSI)

L o RE G T R O T e GO M G G G A G RN G- DI OF WM MR DN G DD G50 G We U G A G U S €0 B G e U G BRGNP O WD W OB Wk @R Ob A 0B G WP O6 G GD WY @) W 4 W e
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TABLE 11-10 (Continued)

LOT nNCe RREGLY _  SPEC. DA,  ##%dkkk MM

LOG NO, 64EL=-82 SPEC. LENGTH 76, MM
. LOG DENSITY == MG /MA%3 e
"TCPECIMEN ORIENT- LOCA- DENSITY  MODULUS OF  FLEXURAL

MUMBER . _ATION TION (MO/MA%I) RUPTURE (MPA) STRENGTH (MPAY}

(UNCORRECTED) (CORPECTF D)

> en Gw D @ T AR W @y oD P G GO G0 G Mh UG b On OB G Wh 4N o e WO GP U5 O P G G @O N 0P W A TG A R G b am M Gm UR SR N G0 Gk Wb b a5 oI Gy N W5 T w0 e oR

— EL7 RAD ___ EE  __ - 197 - 7.6 L o
g27v RAD 23 197 176
- €37 _ . _RAD | _EE. . 195 _ . SR B S S
a7 RAD 43 18.8 169
e B2 __RAD _EE . 192 . L XTel. .
E67 RAD EE 196 17.5
€ery . ___RAD . EE. . 23a0 SENURYS P v I
E87 RAD EF 225 19.¢
- k87 BAD . EE . . _23.1 . - . 2001 0 o
g0z RAD LE 258 219
_E1Y7 . RAD EE 2bs 5 e R R
Fia7 RAD EE 2606 22. 4
€137 . . _RAD £ —— .22l 1%.8 . . __
Fia? RAD EE 2468 19+8
E157 _RAD EE . - 254 . 21e& -
£167 RAD EE 2565 717
EL77 _______RAD EE 2Ted . 22.1
1A-E187 RAD FE 217 191
£197 . RAD ___EE o lBel . L 16.8
1A-£207 RAD FE 2Ue 3 18.1
£217 _ RADL RKE 25 L L _1BeS .
Ee27 RAD E£E 2167 19.1
£237 RAD __ EF 15,3 140
r247 RAD EE 283 23.4
£257 RAD EE _ _ e 265 2263 .
—— - - JMEAN — 223 MPA e 194 MPA
{3232. PSI) (2811, PSI)
STD. DEV. 3.4 WMPA 2e4 MPA

§_ 4B8, PSII  § 346, PSI)
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TABLE 11-10 (Continued)

I . LOT _NO, RREGLJ __ SPECe DIA. kR MM =
LOG NOe €484-82 SPEC. LENGTH 76 MM B
N e LOG DENSITY ==__  _MGIMAEXD —— e e
SPECIMEN ORIENT- LOCA~- DENSITY MODULUS OF FLEXURAL
NUMBER ATION, TION_(MG/M*%3) _RUPIURE (MPA) STRENGTH _(MPA}
{UNCORRECTED) (CORRECTED)
I=- M7 RAD ML C 15.3 14,0
_M17 RAD . MLC _ e . 189.L . S WY v IR
M27 RAD MLC 18.9 17.4
. M37 RAD  _ MLC _ e . RLa - e 119 -
Mu7 RAD MLC 18.5 167
M7 RAD.. MLC . . L e e lbeb L L . 154 - -
ME 7 RAD ML 16+6 151
MT7 RAD. o MLC e - 18,5 174 .
M8 7 PAD MLC 16.7 1.2
M97 RAD. MLC . e e 1920 171
Mio7 RAD MLC 2061 17:.9
e MAYT7 L RAD  MLC 1263 e L ATe3 -
M127 RAD MLC 15.9 4.6
M1%7 RAD _ ™MiC - 182 16eb
Mi47 RAD MLC 185 1660 -
M157 RaD ____MLC e oo X103 o 187
M167 RAD MLC 17.¢ 15.6
MiTy . BAD MLC 1821 TS ¥ - Y% . W
JA=-M1cT RAD MLC 120 11.3
M197 RAD MLC . 114 ~15e1 -
M20a7 RAD MLC 16.7 14.4
M217_ RAD  MLC — 17.3 . 3%.7
M227 RAD MLC 18,5 167
L M237. ___RAD MLC . 123 —— 1223
M2u7 RAD MLC 19.6 17.5
M257 _ _RAD _ MLC N 196 ~ 375
M267 RAD MLC 22 19.6
MZT7 RaAD __MLC . 2h 0l . 18.9
M287 RAD MLC 220 193
M9 7 . RAD MLC 2dael 16a1
M3In7 RAD MLC 207 18,3
.2 ) RAD __MLC ___ __ 16.4 e 1666
M327 RAD MLC 219 1962
_M33717 Rap _MLC 2045 1Red
M347 RAD MLC 1961 17.1
_ .. m3857 RAD MLC 200 17.8 .
_ MEAN - — . 18.5 MPA . l6e6 MPA

(2680, PSI)  (24C8, PSI)
STD. DEV. 2.3 MPA 1.8 MPA
( 334, PSI} _ { 265, PSI)




1A 3

TABLE 11-11
SUMMARY OF FLEXURAL STRENGTHS OF PGX GRAPHITE
(Log 6484-112, Lot 805-3)

Flexural Strength (MPa)

Axial Radial
Center Midradius Edge Center Midradius Edge
Slab X o X o x o X o x o X o
Top 15.8 | 1.2 | 16.1 1.0 | 16.0 | 0.9 | 15.1 1.8 1 15.5 | 1.8 | 16.6 | 1.2
Middle | 15.3 |1 0.9 | 15.9 | 0.8 | 16.8 [ 0.8 | 14.3 | 2.2 } 15.7 | 1.5 | 17.1 1.6
Bottom | 14.1 1.3 ] 13.3 | 1.0 § 14.3 | 1.1 14,1 1.7 | 13.9 | 1.1 13.5 1 1.9




TABLE 11-12
FLEXURAL STRENGTH OF PGX GRAPHITE

- s 4 06 GB G D G G TN D D Ch @ GO en G oh GO G O O3 O G TH WR G CH A OO @ 4D b an o @ @ o

LOG NO. 6U84-112 SPEC. LENGTH 51 MM
LOG DENSITY 1,78  MG/M%x3

s e o™ B G G G M T S O D A G ED D G OB A O G Gk GD G AP OGP e G0 OD OF @M Gb D gE G O T @D WD GP TP OB Do OF G Qe Wb G0 D Gb E SR W WD MY G G Wb G W

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA) STRENGTH (MPA)

(UNCORRECTED) (CORRECTED)
1AE S6A AX EE 19.7 1648
568 AX EE 17.5 1543
584 AX EE 16.7 14.7

58 AX EE 180 156 .
62A AX EE 17.4 1642
628 AX EE . 17.1 154
688 AX EE 1846 1601
68B AX EE 18,3 159 i

TOA AX EE 17.3 1541
TOB AX EE 16.8 14.8
1BE 1284 AX EE 19,0 1663
128F AX _ EE R o 17e1. . 15,4
130A AX EE 2063 17.2
1308 AX EE 203 17
134A AX EE 21.1 17.7
_ 134P AX EE 196 1607
1404 AX EE 19.6 1607

1408 AX EE ) o 198 . 17e2 .
1428 AX EE 1668 14.8

IRE 1428 AX EE 1848 . 16e2

MEAN _ 1845 MPA _ 16.0 MPA

{2688, PSI} (232C. PSI)

STDe DEV. 1o MPA .9 MPA
{ 196, PSIY ¢ 137. PSI)
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- o wp wv G o @

LOG NO. 6484-112 SPEC. LENGTH 51, MM
i LOG DENSITY 1,78  MG/M»%3 )
SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA) STRENGTH (MPA)
: (UNCORRECTED) (CORRECTED)
1AY 364 AX EM 16.7 14.7
368 AX EM B 22.G 18.3
388 AX EM 19.5 1607
386 AX £M O 19.4 1646
42A AX E£m 17+1 150
428 AX £M 1644 4.5
48A AX EM 18.9 1643
488 AX EM 1962 1645
5O0A AX EM 1946 16.7
50B AX EM 19.4 1646
18Y 1084 AX EM 19.5 1607
1088 AX FM _ _19.8 16,9
1104 AX £ 18.1 15.7
1108 AX £EM . 1843 15.8
11448 AX EM 17.5 15,3
114R AX EM ) 20.7 17.5
1204 AX EM 19.5 16,7
1208 AX EM 17.9 ) 15.6
1BY 1224 AX EM 15.8 143
1228 AX EM 1840 B 15.6
ME AN _ 18.7 MPA 16.1 MPA
{2707+ PSI} t2333, PSI)
STD. DEV. o 1.5 MPA 1.0 MPA
¢ 217. PSI} _ t 152, PSI)

TABLE 11-12 (Continued)

- G RO g G W OO D D O ED O @ WD G G WP GD O O @ S G @B
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TABLE 11-12 (Continued)

o e @D O G e W o G D D G G WD AR G0 TD o5 GY AR GN Ch YD AD OR OB OGP Ob WD W OB oW @ ©F GR WD D @

LOT NO. 8D5=-3 SPEC. DIAe 6.4 MM
LOG NO. 6484-112 SPEC. LENGTH  S51. MM
LOG DENSITY 1.78  MG/M¥%3

e e on G n G G T WD @O D G D S W R S D 4 GD OB G OO e G @5 Gs T6 GD AD GD ab O0 O G OO P 0D G R G GH G TO WD G U BR UD WD WS D op on B GH W @@ W WP WD

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA) STRENGTH (MPA)
{(UNCORRECTED) {(CORRECTED)
1AC 124 AX EC 19.1 1645
126 AX EC 18.6 1661
104 AX EC 15.8 141
138 AX EC 19.1 1665
164 RX EC 18.6 1601 -
16B AX EC . . 2)el 17,8
24A AX EC 174 15.2
24B AX EC - les? 148 -
26A AX EC 14.6 13.2
26B AX €c 18.7 16.2
328 AX EC 1669 14.9
328 AX EC o 18.8 L1663
1BC 884 AX EC 16.9 14,9
88B AX EC - 19.7 ~ 16.9
86A AX EC 16.9 14,9
86B AX EC _ 2le84 18,0
80A AX EC 17.5 15.4
.. iBC _ 80B AX_  EC .. . . .deed 186 .
964 AX EC 16.9 14.9
_ 96B AX EC e 18.8 __ 1643
102A AX EC 19.1 1605
1028 Ax _ EC e 2061 e = ATe2
104A AX EC 189 1664
N _losB Ax __ EC . S 16.8 14.8 o
————————————————————————————————————— 9-—.-..--—.----‘----- - R a @b @ @ o G o
MEAN . ... 18.1 MPA _ 15.8 MPA
(2628, PSI} t2289. PSI)
STDe DEV. 1.6 MPA 1.2 MPA
e e s - { 237. _PSI) (. 172. PSI) .
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TABLE 11-12 (Continued)

- o WD G W G P ORGP G R G D D D ED G D O g o D T D A o OB O W

NO. 8D5-3

LOG NO. 64BU=112

LOG DENSITY 1.78

MG /M%x3Z

SPEC. DIA. 6ot MM

SPEC. LENGTH 51 MM

o oD @R P On B G D D G GD G R D TP OB ORI AR DGR o b GO GD G5 OF OF D Gb @ 6 Gb 4 ON o db on GR TP @ G G On OF oD OGP G O o D TR Gk b o b @B 6P Wh W WD

SPECIMEN ORIENT- LOCA- DENSITY
ON TION (MG/M%*3)

NUMBER ATI

MODULUS OF FLE XURAL
RUPTURE_ (MPA)} STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)

- an e oD AW aw Gv ©H OGP W G T WD GH W WD PGP R O G ap Gp DD UL GS D GD GF D O) GD b e @R G om WD G @ W N TR GO D b OR ND O MD G @b G on G TP G b Gh s W G

6BE 2704 A

282A A
6BE 282B A

- e G o G @R T G GR G G WP WD G G G TR G Gb T G ORGP O O b G OB OF G WD O S0 G GR O Oh G G o M G0 O T G On G UR b AR O WD SR wn G 6 WD O W

X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
X MLE
ME AN
STD. DEV,

11-77

19.2 166
17.6 15.5
218 18.4
1801 15.9
17.8 157
19.0 1645
190? 1?.&)
19.2 16.7
19.% 169
18.6 16.2
20.3 17.4
19,4 1648
19.1% 166
21,0 17.9
19.5 169
19.9 17.2
18.4 161
20,9 1749
2udell 17.2
1849 1644
19.4 MPA 16.8 MPA

(2815. PSI) (2434, PSI)

1e1 MPa T .8 MPA
{ 157. PSI) ¢ 110. PSI)



TABLE 11-12 (Continued)

LOT NO. 805-3  ~ SPEC. DIA. = 6,4 MM
LOG NO. 6484-112 SPEC. LENGTH 51, MM

LOG DENSITY 1.78  ME/M**3 = .

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLE XURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)
6AY 180A AX MLM 19.8 17.0
180B AX MLM 19.8 17.0
182A AX MLM 193 167
1828 AX MLM . 16e2 e L XL
186A AX MLM 18.8 1663
1868 AX MLM 184 . 16,0
192A AX MLM 18.9 1644
192B AX MLM _18.1 156
1944 AX MLM 18.6 1642
194B AX MM - 16.6 18,7
6BY 2504 AX MLM 18.6 1661
. 2508 AX . MLM N, ¥ Y -3 D 5-T1. N
2524 AX MLM 18.0 15.7
C52B AX MLM B 16,9 149 .
256 A AX MLM 174 15.3
2568 AX MLM - 3867 Ll6e2
262A AX MLM 1607 14,8
i 262B AX _~ MLM 18+6 1602
6BY 2644 AX MLM 17.7 155
2648 AX MM 19.1 165
. - MEAN 1862 MPA 15.9 MPA
(2639, PSI) (2300. PSI)
STDe. DEV, 10 HMPa «8 MPA
» - 4152, PSI) 111, PSI)
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TABLE 11-12 (Continued)

- e D @D Gb OB TP @5 Ne 4D 6D GF Gb W D O G GO o G CP 0D @0 Gk T WS @ @S Gr @b WP o U o e Ay

LOT NO, 8D5=-3 B _ SPEC. DIA. Goti MM
LOG NO. 64B4=-112 SPEC. LENGTH 51, MM
LOG DENSITY 1,78  MG/M%*%3

SPECIMEN ORIENT=- LOCA- DENSITY MODULUS OF FLE XURAL
NUMBER ATION TION (MG/M%%3}) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) {CORRECTED?
6AC 154A AX MLC 16.8 14.8
1548 AX  MLC 1941 1644
1568 AX MLC 165 14,5
156B AX  MLC ] 17.0 14,5
1670A AX MLC 17.7 15.4
1608 AX  MLC . e 1968 167
1744 AX MLC 146.2 12.8
1748 AX  MLC )  16.9 _ 1b.s
1764 AX MLC 186 16.0
176B AX MLC ~ 18.6 16.0
168A AX ] R 189 1662
168 AX MLC B . 187 _  16.1
68BC 2244 AX MLC 174 15.2
2248 AX  MLC . 15.1  13.5
226A8 AX MLC 17.8 18.4
2268 Ax  MLC ) 18.2 15.7
232h AX MLC 1862 15.8
eBC 2328 AX ML.C o 169 14,8
c36A AX MLC 17.2 15,0
2368 AX  MLC 17.3 15.1
2384 AX MLC 16.9 14.8
2388 AX MLC 18.9 ~ 16.2
ZB4p AX MLC 18.5 159
244B 9X MLC i . 17.0 ‘w;u.‘?
ME AN _17.6 MPA 15,3 MPA
(2550, PSI} {2218, PSI}
$The. DEV. 13 MPA e 9 MPA
o ,L (_181._PSI)__( 133, PST)




TABLE 11-12 (Continued)

- o ap 6 G EU G G G @ G G W WS OB G 6D OP G G OO G5 GF @H o OD O TS Gh G Gb Wh WP @ T 6B G5 @

LOT NO. 8DS-3 SPEC. DIA. 6ol MM
LOG NO. 6uUB4=-112 SPECs LENGTH  S51. MM
LOG DENSITY 1478  MG/M#%3

- an on e on on D s @ G P D AD G G G WD D G W OD ge G G R GD GF @ O GD G N G OB G GP @b @Y WS Gh GD @ ©D WH GD ON G N G G AD O @R 6P A3 AT T B 6F W D e

SPECIMEN ORIENT- LOCA~- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%3T) RUPTURE (MPA) STRENGTH (MPA}
({UNCORRECTED?} {CORRECTED)
12AF  340A AX EE 174 15.1
Ig0Rr AX EE 14, 127
3427 AX EE 14,1 127
3428 AX  EE 1546 13.8 '
IH46A AX EE 17.4 15.1
J46B AX EE . __16.5 14,5
352A AX EE 15.7 13.9
3528 AX EE . 14.8 13.2 b
35448 AX EE 15.3 13.6
I548 AX EE .. 8.8 1661
12BE Bl12A AX EE 18.9 16.1
6izB AX EE . 154 13,6
4iluap AX FE 1763 15.90
~ B314B AX £E ~ R _14.5 12.9
41848 AX £E 17.4 152
4318B AX EE 1403 12.8
4244 AX £E 166 14.5
yZzup AX _EE N e 18.6 . 18,9
4264 AX EE 173 i5.0
12BE 4268 AX EE . _16.7 14,6
ME AN 163 HMPA 14,3 MPA
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TABLE 11-12 (Continued)

O B ER wn WD G o O WD Gh GD CD UL OF UF G ON D Om Gb G WR UD ap B P GO 9D o oD 9D U OP G G 6P

LOT NO. 8D5~-3 _SPEC. DIAe 6o MM
LOG NO. 6484-112 SPEC. LENGTH 51, MM
LOG DENSITY 1,78 _ MG/M*%3

o @ wy G G @ o D G GR D WS W D WD G R O R g my Gk @D D GD WP TR WS WP G G P G G O P G D G G G @ P @ WD G W 4D 9 av G OGP W Gn Ob wD WD G an G o

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEYURAL
MUMBER ATION TION (MG/M%%3T} RUPTURE (MPA) STRENGTH (MPA)
{UNCORRECTED! {CORRECTED}

12AY 22048 AX EM 16.2 4.2
3208 aXx EM 13.7 12.3

3224 AX EM 16.3 14,3

3228 AX  EM 15.8 1349

3264 AX EM 13.6 122

1268 AX  EM T 134

3324 AX EM 1.2 12.7

332B AX  EM 15,5 13,7

3348 AX EM 12.9 11.7

334B AX EM 13.3 12,0

128Y 392A AX EM 16.6 145
3928 AX  EM 15.7 1349

3944 AX E#M 13.7 12.3

31948 AX  EM 13.8 12.4

3988 BX EM 14.8 13.2

3988 AX  EM 13.2 11.9

40448 AX Ewu 1.2 14,2

448 AX En 15.1 13.4

12BY H0O6A MY EM 17.5 151
4068 AX  EM 16,1 14,2

ME AN 14.9 MPA 13.3 MPA

(2168, PSI) §1923., PSI)

[

STD. DEV. 3 MPA T1.0 MPa

PSI}  ( 148, PSI)
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TABLE 11-12 (Continued)

D G IS D D R WO R R G I G B WD WP W GE WS P 60b G G g oy o D W @ R WO O @ W e

LOT NO., 8D5-3 SPEC. DIA. 6ol MM
LOG NO. 6484-112 SPEC. LENGTH  51. MM
LOG DENSITY 1.78  MG/M¥%3

5 v e we on G o BB G G OB G GDx A WA OB O WH MY G @8 GP N G OGP @D GF 4O GB GH 4D P OB GD O OF D Y W EH D GB GD 6P UP GD Gb wb ob o W5 A T W W00 GNP W g e W D

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M*%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTEN)  (CORRECTED)
128C 294A AX EC 15.0 13,3
294R AX EC ~ 15,2 1346
2964 AX EC 13.6 1243
2968 AX £C . 17.0 1449
300A AX EC 17.4 15,2
5 300B AX £C 155 _ 13.7 .
3104 AX £C 174 1542
3108 AX EC 17.2 15.9
124 AX EC 16.3 14,1 -
3128 AX £C 13.7 12.4
3164 AX £C 17.1 1449
_ 316P AX EC 15,6 . 13.8 )
12BC 3684 AX EC 14.C 1246
3688 AX EC ) __17.1 1560
3668 AX EC 15,3 13.6
] 3668 AX £C B 1545 13,8
3726 AX £C 17.8 15,5
128¢ 3728 AX | EC S - 2he3. . . . 17.8 .
384 A AX EC 15.5 13.8
384R AX EC o 15,4 13,7
38248 AX EC 14,2 12.8
3828 AX EC ) 13.1 o 11.9
3884 AX EC 17.4 15.2
~ 3888 AX_EC ~ L 17.7. 15,4
..................................... e e I S
MEAN 16,0 MPA 14,1 MPA

(2328. PSI) t2052. PSI)

1.8 MPA 1.3 MPA
( 262, PSI}__( 193, PSI)_
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TABLE 11-12 (Continued)

e o G WD D WD G AP B G G G T W T P T GO T TP OGP GP W D G D oo o OP OGP GR GH OO @D O O W OB

LOT NO. 8D5-3 ~SPEC. 9IAO Gt MM
LOG NO. 64B&~-112 SPEC. LENGTH 1. MM
LOG DENSITY 1.78  MG/M#%3

@ o oo e D P T G WD P R OV R S5 OB AP D O TP gy ap W WD G R G ORGP G Gh G WD G5 @ G MR OB @R G P R D U Ob Gh db b Ob GP 9B @0 4P Gh T OF OB D G W OB

SPECIMEN ORIENT=- LOCA- DENSITY MODULUS OF FLE XURAL
NUMBER ATION TION (MG/M#%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)

1A€ 111 RAD  EE 1840 1640
115 RAD  EE 19.8 17.4

117 RAD  EE 1602 1.6

121 RAD  EE 16 .6 14.9

123 RAD  EE 19.0 16.8

137 RAD  EE 1945 17.1

141 RAD  EE 18.3 1642

143 RAD  EE 1604 14,8

147 RAD  EE 17.6 15.7

149 RAD  EE 213 18.4

IBE 267 RAD  EE 21.2 18.3
271 RAD  EE - 18,8 . 1646

273 RAD  EE 20.5 17.9

277 RAD  EE 210 18.2

279 RAD  EE 1946 17.2

293 RAD  EE 19.6 17.2

297 RAD  EE 17.9 15.9

299 RAD EE 15.9 14,4

303 RAD  EE 19.2 16.9

IBE 305 RAD  EE 1943 17.0

ME AN 18.8 MPA 16.6 MPA

(2726. PSI) (2404, PSI)

STD. DEV. - 1.6 MPA 1.2 MPA
{ 239. PSI) _ t 180, PSI)

G o D G Gp GF GD GNGR G on Gh G WP GD ST G 0D OGN G 0P G U @ O D or O OD G Gb GP oD D 4D R AP WD 6D @Y OGP @0 G OB OB P G oD Ob O TR GD W W D O @D D G G0 UD B G T
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TABLE 11-12 (Continued)

o D W G e G G GRS O R D R SR WS O AT G OB TR D S G5 gy, G G WP G @ WD GO W WS W G

LCT NOo 8DS=3 SPEC. DIA. bolt MM
LOG NO. 6484-112 SPEC, LENGTH S51e MM
LOG DENSITY 1.78 MG /MA%3
SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M#*%3}) RUPTURE (MPA) STRENGTH (MPA)

{UNCORRECTED) (CORRECTED)
1PY 215 RAD EM 15.2 13,7
219 RAD EM 177 15.6
221 RAD Em 2G.2 17.5
225 RAD EM 199 17.2
227 RAD EM 18.4 16.1
241 RAD EM . 18.7 - 14.9
245 RAD EM 19.5 17.0
247 RAD  EM 194 16.9
251 RAD EM 17.2 15.3
253 RAD EM _ 17.4 _ 15.4
1AY 59 RAD EM 16.6 14.8
62 RAD EM dlesu _  14.6
&% RAD EM 14,9 13.5
69 RAD  EM o 12.4 . 11.4
14Y 71 PAD EM 13.0 11.9
85 RAD EM . 19.4 . __16.9
89 RAD EM 20.0 17.3
91 RAD EM o o o_.19.8 . _11.2
95 RAD EM 18.3 1661

97 RAD EM _1g.2 _16.0

MEAN N .. - 17.5 MPA__ _ 15.5 MPA

(2543. PSI} (2243, PSI}

2.3 MPA 1.8 MPA
£ 332. PSI) 4 255. PSID

@5 o e ue Gb e W TGN W TS G G WO Wome D W W G T G 0P GD UP YD WD b WD UD WS Gh GR 0 Wh @R HD Gh On W NE W AN G WD N up WP WS W O G0 TN M W AR WS G aD 4 ©n Gm 0l 4D e
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TABLE 11-12 (Continued)

an P on oD BB G R WGP P A T D R P D G G WD G G D OGP TR EF ap b GO G R WD @D W G @ Eh W

LOT NO. 8D5-3 = SPEC, DIA., = 6.4 MM
. LOG DENSITY 1,78  MG/M¥%Z e
SPECIMEN ORIENT= LOCA=- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M#%%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)
18C 163 RAD EC 15.8 14,1
165 RAD EC . 15.8 1461
169 RAD EC 17.8 15.7
171 RAD EC , 17.2 = 15.2
175 RAD EC 11.5 10.7
189 RAD _EC_ . _13.4% 13.8
191 RAD EC 19.7 17.0
; 195 RAD EC = _ o 15.7 14,1 i
1BC 197 RAD EC 211 180
o 201 RAD _ EC - o 16.3 14.5
1AC 7 RAD EC 16.8 14.9
» . ¢ RAD _EC Y868 0 13.5
13 RAD EC 18.8 16.4
15 RAD  EC L . ..18.0 15.8
19 RAD  EC 2063 17.5
33 RAD EC . 21.8  18.4
35 RAD EC 144 13.0
39 RAD EC . 16,1 . 1B.4
41 RAD EC 1666 14,8
45 RO EC  17.8  15.5
CMEAN § i} 17.1 MPA 15,1 MPA

(2678, PSI) t2185. PSI

¢ 358, PSI) € 266. PSI

- P S D GP G0 an oGP D @F U5 O O GF OR O O @R A0 b @ W O O O OB OD @GP O AN W WP TR GF SR S R b Gb G Gb o ab W WD @ &Y P D P W W WD aD o @6
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TABLE 11-12 (Continued)

o cap aw e BB GD WO S OB @H GD Gh B OD GE OB G WD @ EE GS T WD WP GO A g P G WGP UD B O WP QB AD M0

_ LOT NO o §05'3 SP_ECA.___D____I____AO 6__0“ MM
LOG NO. 6484~112 SPEC. LENGTH 51« MM
_ LOG DENSITY 1.78  MG/M*%3 o ~
SPECIMEN ORIENT- LOCA~ DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION {(MG/M%%3} RUPTURE (MPA) STRENGTH (MPA)
{UNCORRECTED?} {CORRECTED)
6AE 423 RAD MLE 18.7 16.7
B 427 RAD  MLE 1849 16.8
829 RAD MLE 228 19.7
433 RAD MLE 18,9 168
435 RAD MLE 1646 15.0
B 449 RAD MLE 1643 _14.8
453 RAD MLE 20.3 17.9
455 RAD MLE . 19.2 17.1
459 RAD MLE 2163 18.7
461 RAD MLE 235 __ _ 20.2
6BE §53% RAD MLE 18.3 1663
. 557 RAD  MLE deeT . 18.d L .

559 RAD MLE 17.8 16.0
563 RAD  MLE  20e6 _ 18.1
565 RAD MLE 18.4 16e4

579 RAD MLE - 229 . 19.8 _—
6BE 583 RAD MLE 17.1 15.4
. 285 RAD  MLE - A T - SO e 4801
589 RAD MLE 19.3 171
591 RAD MLE 18.9 16,8

ME AN 1943 MPA__ 17,1 MPA
{280¢é., PSI} {2486, PSI)
STD. DEV. 2.1 MPA 1.6 MPA
- - - 4 305. PST) ¢ 230. PSI)
- > > w6 o oo an oo o o on W w0 > W @ fgo oo 0 e o o> Ge > wo o @ o > o S w a  n Th

PO
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TABLE 11-12 (Continued)

- o B G o On eh T D G @ AR SR B OP P W G CR G5 GD R G G G up aw W OB Oh WP W Om G WD o @

LOT NO. 8D5-3 SPEC. DIh, bolh MM
LOG NO. 6484-112 SPEC. LENGTH  51. MM
LOG DENSITY 1.78  MG/Mx%3

@ o o @o o OB @ O GD Gh TP GP R G G GB CD TR OB OGP W OP OB I @d WD OF OD D GT G0 P TP b Gk SR Gb W P Gh @y P WO < G T GD SP O G b G uh WD D AN We @ e W@ W

SPECIMEN ORIENT=- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M#%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED}

oo en o G o G op OE R o0 OGP GP OD M O P Gb @b G5 O OF O Ob @R GD @D O @ am Sb TS @GN go o @D WO G G GD WE O D AP G0 T W A TP GF G GP O OB G o G0 G @ G U

6AY 371 RAD  MLM 18.1 16.1
375 RAD  MLM 1847 1645
377 RAD  MLM 14,3 13.1
381 RAD  MLM 16.1 . 14,5
383 RAD  MLM 18.5 1644
397 RAD  MLM ) . 18.1 1641
401 RAD  MLM 19.1 16.8
6AY 403 RAD  MLM 18,2 i 1642
407 RAD  MLM 12.0 11.2
439 RAD  MLM 1960 1647
6BY 501 RAD  MLM 17.4 15.6
. 505 RAD  MLM B o 19.4 17.0
S07 RAD  MLM 17.6 15.7
511 RAD  MLM . 18.2 1642
513 RAD  MLM 19.2 16.9
527 RAD  MLM ) 19.3 17.0
531 RAD  MLM 1844 16.3
533 RAD  MLM B 17.¢ 15,7
537 RAD  MLM 17.9 15.9
539 RAD  MLM ) 1547 14,2
ME AN 17.6 MPA 15.7 MPA

(2557, PSI) (2277, PSI)

STDe DEVS ’ 1.8 MPA T1.5 MPA
( 268, PSI)  ( 213, PSI)
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TABLE 11-12 (Continued)

LOT NO. 8D5=3 i SPECe DIAe _ 6.4 MM

LOG NO. 64BU4-112 SPEC. LENGTH 51 MM
LO6 DENSITY 1.78 MG /MExT

o G s G G K G G G R G G G GD G0 TS O S o @ G G SR WP OB 60 R W @y G0 G G OR AR GD GDGD W W T N PO WD M ER GP WP G @5 W o Gb Ob W 4D @D N OB en

SPECIMEN ORIENT- LOCA~- DENSITY MODULUS OF FLE XURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA) STRENGTH (MPA)
{UNCORRECTED) (CORRECTED}
6AC 319 RAD MLC 13.8 12.6
321 RAD MLC . _19.0 16.7
32% RAD MLC 12.4 11.5
327 RAD MLC ~ 17.4 155 _
231 RAD MLC 17.1 15,3 B
IS RAD MLC . . 9.7 _ .. 9.1
3467 RAD MLC 18.6 16. 4
351 RAD ML C 101 Peb -
I83 RAD MLC 17.6 15.6
3I57 RAD MLC A7.7 15.7
6BC 471 RAD MLC 172 153
473 RAD MLC o e 345 0 1Z.2 .
475 RAD MLC 1643 4.0
477 RAD MLC 14.2 13.0
481 RAD MLC 16.8 18.1
68C 482 RAD MLC 18.6 16.4
488 RAD MLC 16.4 13.1
487 RAD MLC . o 17.8 1508
489 RAD MLC 17.6 15.6
492 RAD MLC 17.7 . 15.7
MEAN — . 159 MPA 14,3 MPA

(2310, PSI)  €2072. PSI)

o e - P P [T - -

STh. DEV. 27 MPA 2.2 MPA
{ 396, PSI} _ € 321 PSI)
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TABLE 11-12 (Continued)

~ LOT NO. 8D5-3 SPEC. DIAe 6.4 MM
LOG NO. 6484-112 SPEC. LENGTH  S1. MM
L LOG DENSITY 1.78  MG/Mk%3 o
memmmemmmmeemmmmmmm— ;e mm——————————— ;e m e e —mmee———————
SPECIMEN ORIENT- LOCA= DENSITY MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED}
12AE 709 RAD  EE 14 .4 13.1
717 RAD  EE ) 1742 15.3
715 RAD  EE 10.9 10.2
719 RAD  EE 12.9 11.9
721 RAD  EE 1449 13.5
735 RAD  EE 17.3 15.4
739 RAD  EE 11.9 11.0
741 RAD  EE 12.9 11.9
745 RAD EE 16.6 14.8
747 RAD  EE 16.4 O 14.6
12BE 865 RAD EE 17.7 15.7
869 RAD  EE_ 1.7 13.3
871 RAD  EE 11.6 10.8
) 875 RAD EE 14.7 13.3
12BE 877 RAD  EE 14,2 12,9
891 RAD  EE i 18,2 16.0
895 RAD  EE 12.8 11.8
) 897 RAD EE 17.6 15,5
901 RAD  EE 13.1 12.3
903 RAD  EE 19.0 1646
ME AN ] 15.0 MPA 13,5 MPA

(2169. PSI} €198%. PSI)

T4 WA T T 1.9 Mea
¢ 351, PSI) _ ( 280. PSI)
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TABLE 11-12 (Continued)

- enan G0 ED T WP ER G €O Gn Gk C> GR T R OB D G CD G GD D € OB GF T am o Gm G G0 QP @ OB @ @ @r

LOT NO. 8D5-3 _ SPECe DIAe 6ol MM

LO6 NO. 6488-112 SPEC. LENGTH 51. MM
LOG DENSITY 1.78  MG/M¥%3

o Qu WD G WD e D D S G G D e G G G G D D D G0 D e G OB G DD O e GO WS D9 G G O G0 me @b WS O% U OB @D D an YD OO N M O OP ORGP OB G UD On W G G @ B

SPECIMEN ORIENT- LOCA- DENSITY  MODULUS OF FLEXURAL
NUMBER ATION TION (MG/M%*%3) RUPTURE (MPA} STRENGTH (MPA)
(UN- ORRECTED) (CORRECTED)

D onam 9n o T oD D s ER OD M G 4B G G OT @B TD T go ah G G0 T GO W OP GD O OB @ 05 4D G@D SO WD OF b Gn @ T N G UD @ Th 4P Cb O @b 08 GP OF G A5 G G W 0 eD 0

124y 657 RAD  EM 14.0 12.8
) 661 RAD EM - . lee3 14,6
663 RAD  EM 14.0 12.8
o 667 RAD EM - - 166 14.8 .
12AY 669 RAD EM 14,9 13.5
. 683 RAD EM - o e . 12.9
687 RAD EM 15.4 13.9
. 689 RAD En - - 153 - - 13.8 ’
693 RAD  EM 14.8 13.4
o 695 RAD  EM L. luew 13,
12BY 813 RAD  EM 1442 12.9
- e . BYTLRAD EM L Ml 13.2 - .
819 RAD EM 12.8 11.8
S 823 RAD  EM —— —15.7 14,1
825 RAD EM 17.4 15.5
839 RAD EM ... 15.0 . _ 13,5
843 RAD EM 18.8 16.5
. .. . 84S RAD EM 4.2 . 13,0
849 RAD EM 16.1 145
i 851 RAD EM  _ _ .. _Y6e6 _ ____ 1h.8
MEAN - _15.4 MPA_  13.9 MPA
(2234, PSI) 2013, PSI)
STD. DEV. 1ot MPA 1.1 MPA
I . A . 4 .209. PSI1) { 165. PSI)
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TABLE 11-12 (Continued)

- P T D G D G S D W R D W oy g e R GD G AP O D G Gb OB P G G R G TP S ED G S

LOT NO. 8D5-3 SPEC. DIA, 6ol MM
LOG NO. 6484-112 SPEC. LENGTH Sie MM
. LOG DENSITY 1,78 _ MG/M#x3 o
SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL
NUMBE P ATION TION (MG/M#%3) RUPTURE (MPA) STRENGTH (MPA)
(UNCORRECTED) (CORRECTED)
12AC 601 RAD EC 14.2 13,0
605 RAD EC 1547 14,2
637 RAD  EC 142 12.0
611 RAD  FC 152 13.8
613 RAD  EC 17.6 15.8
627 RAD  EC . 1lu,w4 13.2
631 RAD EC 16.8 1561
633 RAD EC lo.1 14.6
637 RAD EC 18.9 16.7
639 RAD EC 12.2 11.4
12B8C 757 RAD FC 1646 14,9
761 RAD  EC 13,7  12.0
763 RAD  EC 15,9 14,4
767 RAD  EC 18.2 1602
12BC 769 RAD EC 128 11.9
783 RAD  EC 16.5 14.9
787 RAD  EC 18.5 164
789 RAD EC 18.3 _16.2 .
792 RAD  EC 1441 12.9
795 RAD EC _ 1241 112
ME AN _15.6 MPA 14.1 MPA
(2264 PSI} (2048, PSI)
STDe DEV. - 2.1 MPA 1.7 MPA
4 306. PSIV t 246. PSID
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TABLE 11-13
SUMMARY OF DENSITY, STRENGTH, AND ELASTIC MODULUS DATA FOR H~440N GRAPHITE, LOG 6484-81

Axial Radial
Top Slab Middle Slab Top Slab Middle Slab
Property X o] N(a) X a N x o N x o N
Density, Mg/m3 1.746 | 0.004 12 1.706( 0,029 12| 1,740| 0.007{ 8| 1.700{ 0.018 | 8
Tensile:
Strength
MPa 11.2 | 1.5 34 10.9 1.3 341 13.1 1.1 201 10.4 1.3 20
psi 1621 211 1579 194 1965 153 1506 182
Modulus
GPa 7.1 0.3 12 | 6.0 1.0 121 8.0 0.7 8] 7.0 0.8 8
Mpsi 1.03 | 0.05 0.88 | 0.14 1.16 | 0.10 1.01 0.11
Flexural strength
MPa 20.5 1.1 42 18.5 1.8 421 21.8 1.4 |20 20.1 1.6 20
psi 2976 162 2689 | 260 3165 197 2908 | 231
Compression:
Strength
MPa 52.2 } 2.9 8 | 49.7 | 5.2 8] 49.4 | 2.3 81 40.3 | 1.6 8
psi 7574 | 414 7168 | 333 7212 | 753 5843 | 237
Modulus
GPa 5.7 0.4 8 | 5.2 0.9 81 7.2 0.4 8] 5.2 0.5
Mpsi 0.83 | 0.05 1.04 | 0.05 0.76 | 0.13 0.75 | 0.07
(a)

N = number of replicates.




TABLE 11-14

TENSILE STRENGTH AND MODULUS OF ELASTICITY DATA FOR GRADE H-440N

11-93

P @ oo . . o - w» > v an wofgn o= s @ o o a5 an o w
0T NOe SPECs DIAs = 12,8 MM
LOG NO. 64B4-81] SPEC. LENGTH T0. MM
LOG DENSITY =- ME/ME%ET
SPECIMEN ORIENT* LOCA- DENSITY YOUNGS PERH- FRAC- TENSILE
_NUMBER  ATION TION (MG/M%%3)MODULUS ANENT TURE _STRENGTH .
{GPA) SET STRAIN (MPA}
(PCTY (PCT)
- 88 AX END 1.782 6.5 + 016 e 238 11.9
L -108B &% END 12743 6.7 _ 017 2265 i2.8
o -20A  AX__END 1,741 703 £020  +265 13.1
-228B AX END 1.737 Tel <020 s 241 i2.5
— - 68 _AX  END - — U 11.3
- 8B AX END 11.1
=128 AX  END . O I 10.5
4 -12B AX END 9.9
~-3148 AX END oo 33en
~-184 AX END Te2
. e ... —18B  AX  END — — _ D ¥ Y S
-208 AX END 9.3
N =22A AX  END e - 69 —
-248 AX END 7
-248B  AY END i0.9
SLABIB-L-308 AX END 1.748 76 « 017 « 200 11.3
-34B  AX _ END 1,751 6+9 o016 o206  _11.0
e "'38A aX _ END 107“6 “703 0017 + 209 11.5
-~huyh AX END 1.750 Tel « 020 « 209 11.0
-4 6B AX END 107‘48 702 0020 e 280 120“
-30B AX END 12.1
 =32A__AX _ END 10.2
-32B AX END 10.5
... =36B AX  END — _10.9
=388 AY END 10.6
SLABIB~L=-42A AYX END 12.2
=428 AX END 12.6
~h4B AX 2 END — 12.6
464 AX END 11.0
. =hBA AX END 11.3
488 AX END 11.7
" @0 o o A @R G G PGP Gh W KD D > B GD D W an o G W G 6D G o e e T G T G G O - a oD G T WD D R G D s @ G G R D D e W W - -
MEAN 1.7u6 Tsl «019% «231 11.2
L B (103 MPSI) { 1621.,PSI)
STDQ DEYQ 000“ 53 gQQ; g_QZZ Hw.l.!iw-w_«.___
. ( .05 HPSI) ( 211.PST)



TABLE 11-14 (Continued)

— . LOT NO. SPEC. DIAS 12.8 MM
LO6 NO. 6484-81 SPEC. LENGTH 70« MM
~~~~~ LOG DENSITY -= ME/ME%RZ
N shhhahaleithiuiioiedubutuithubnl. b aduudonithudbutooiisodnid et oftudbudbostunibustdupluiuinond indhaoutiudendutahuibag -
SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM~ FRAC- TENSILE
... NUMBER ATION TION (MG/M#=%3IMODULUS ANENT TURE  STRENGTH =
(EPA) SET STRAIN (MPA}
(PCTY (PCT)
. SLAB6A-L-544 AX ML 1.726 67 2019 0176 9.4
564 AX ML 1.673 53 035 » 180 Telt
. _ _bsB  AX ML _ 1.676 5.6 + 0320 e 241 ..10.0 .
SLABGA-L-62A AX ML 1.737 8.3 005 . 168 11.4
L 684 AX ML 1.676 5.0 «030 _.215 10.0
- -7T0B AX ML 1e742 6.7 22 0231 11.7
R _ _=S50A_ _AX ML _— e . Qo4 o
~-80B AX ML 10.2
S _ ~54B _ AX ML . - - 12.%
-8568B AX ML 969
e _=60A AX ML e 9.8
-608B AX ML 11.2
o __"66A  AX ML S I § ¥ S
-66B AX ML 11.7
. =68B AX ML L _B.4 ~
-7T0A AX ML 11.5
-T72A AX ML 11.7
~-T28 AX ML 10.6
_ SLABEB-L-T8A AX ML 1.724 6.0 <819 e 190 8.3
~828 AX ML 1.671 5.0 «030 e 237 9.0
m,.w__mﬂwww.g‘},w A¥ ML 10676 502 « 026 O228 9._:1 e
-86A AX ML 1.718 6.1 «019 e 230 i1.0
"92A AX ML 10735 6-5 ‘021 019“ 9-7
-948 AX ML 1.725 63 «023 «268 12.3
e =THA  AX ML R § ¥ -
-T4B AX ML 12.6
... T78B AX ML — 1162 —
-80A AX ML 11.3
~ -80B  AX ML 10.7
-848 AX ML 101
. mBe&B AX ML e . 12.7
SLABGB-L-90A &X ML 12.0
7908 AX ML S 12.6
-928B  AX ML 10.5
. =98A AX ML 12.0
~964 AX ML 13.5
. T96B AX ML 12,1
e MEAN 1.706 6.0 .023  .218 10.9
§ 88 MPSI) { 1579.PSI)
STh. DEV, «029 1.0 <008 « 036 1.3
S o _ { »14 MPSI) . ( 194.PSI}
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TABLE 11-14 (Continued)

LOT NO,

—— SPEC. DIA. 12.8 MM

LOG NO. 6484-81 SPEC. LENGTH  70. MM
LOG DENSITY ==  MG/M%%3

" SPECIMEN ORIENT~- LOCA- DENSITY YOUNGS PERM=- FRAC-  TENSILE
_ NUMBER ATION _TION (MG/M*%3)MODULUS ANENT TURE _ STRENGTH

(GPA) SET STRAIN (MPAD

e e . (PCT) (PCI) e
_SLABLA L~ 7 RAD END __ 1733 _  Te% _ _2015 o223 13.0
- 11 RAD END 1742 9.0 2010 e 223 15.0
- . SLAB 1A-L=-25 RAD _END _ 1.745 8.2 o015 _ L2110 13.0
=29 RAD END 1.737 8.2 +016 e 212 12.8

= 5 RAD END . - 12.85
- @ RAD END 1.1

e -13_RAD _END _  _____ B . 13.5 _
=23 RAD END 11.0
e . =2T RAD __END = — 12.7
«-%1 RAD END 12.3
SLABIB~-L -83 RAD END 1.748 16 « 819 2239 13.5

— ~61 RAD _ END _ 1.738 8¢5 «015 265 15.8 _ _
65 RAD END 1,729 6.7 «018 «251 12.4

e =41 RAD END . e - 13.0
45 RAD END §13.0
. =49 RAD END 12.4
-89  RAD END 13.1
B ~63 RAD __END - 135
-67 RAD END 4.0
MEAN 1.740 8.0 «018 e 227 13.1

o (1,16 MPSTI) 1 1905.PSI)
e = _S$TDs DEVe 0007 o7 003  .023 1el
t «10 MPSI) ¢ 153.,PSI}
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TABLE 11-14 (Continued)

D S G G G S G TR G OB WD G G am @y 6 D WD G O GR 0D oF Ob GF GP GF OB 6 56 WD WP OB 6B &P

i e LOT NO. - SPECe DIA. 12,8 MM
LOG NO., 6484-81 SPEC. LENGTH  70. MM
LOG _DENSITY =-- MG /M*%3 e .
fushabusiyutaauieiosihedoschiasioeshossfisdusihveoidinstisiuhesdgiss i untbusiitbvsbudincho botdov alinsivetboctudbaou et g hashhoubua o Suduadien
SPECIMEN ORIENT~- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE
NUMBER ATION TION (MG/M*%3)MODULUS ANENT TURE _STRENGTH
(GPA} SET STRAIN {(MPA)
(PCYY (PCT)
SLAB6A L=T9 RAD ML  1.720 380 Bl
-83 RAD ML 1.714 Te2 o016 189 10.8
e “9*7_”“ RAD ML 1.720 8.5 015 o__;w“_g__ . P8
101 RAD ML 1.713 Te2 «018 « 169 97
SLABG6A-L-T7 RAD ML 11.8
-81 RAD ML 12.5
—.. —85 RAD ML e 11.9
=95 RAD ML 13.3
——_._=9%9 RAD__ML - - 11.2
103 RAD ML 10.3
SLABEB L11S RAD ML 1.684% X «0319 2193 9.9
119 RAD ML 1.678 6.2 «015 0204 10.3
133 RAD ML 1.686 6o7 o016 4170 9.3
137 RAD ML 1.688 6e5 «020 0218 i1.0
o 113 RAD ML 9.9
117 RAD ML 8.6
121 RAD ML 963
131 RAD ML 963
L 135 RAD ML o 10.2
139 RAD ML 10.1
MEAN 1.700 7.0 <017 0179 10.4
L (1.01 MPSI) {_1506,PSI)
el e . ___STD. DEV. _.018 «8 002 027 1.3
( «11 MPSI} ( 182.PST)
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TABLE 11-15
FLEXURAL STRENGTH DATA FOR GRADE H-440N

. o ap wh T W2 RGP (D PGB 0D @0 ap UP G &P 8P B9 G0 T ORGP 6D I TP GR W W B a9 @ 9B gp W W

LOT NOD, SPEC, DIa, bod MM
_ _ LOG NQ, H4B4wdl . SPEC. LENGTH 51, MM
LOG DENSITY o= MiG/ME® Y
SPECIMEN URIENTe LUCA= OBENSITY_  _ MODULUS OF FLEXURAL
NUMAER ATION  TION (MG/M2ax3) RUPTURE (MPA)Y STRENGTH (MPA)
_ _(UNQURRECTED)Y (CURRECTED)
SLAslA_ _ 2A  Ax END 26,5 el,7 .
28 Ax END 23,9 2041
YA Ax END 26,5 21,7
4R ax ENY 21,4 18,4
6A  AX Eny o 26,4 21,7
68  Ax END 24,6 2.6
foa _Ax _ENO -3 P elgé
108 AXx enD €26 19,2
12a  Ax END 24,3 20,4
1B Ax  EnD 24,8 20,7
144  AX L) 2%,9 20,1
148  AX END 2e.8 19,4
_18A  ax ENY — 27,2 22,1
188 4ax END 25,8 21,3
2UA  AX EnD 26,7 21,8
208 Aax EnD 7.1 e,
224 AKX ENp 22,9 19,4
228  AX END 23,2 19,7
30A  ax  EnD _ 28,7 22,9 _
SLABLA 308 AX END 24,2 20,2
324 AX EHD 26,2 1.5
328  AX END 24,3 20,3
SLasls 344 AX ENY 25,7 21,2
348 Ax Enp 23,5 19,8
36A AX  END 24,0 20,1
368~ AX  END [ § 21,7
40A  AX END 23,5 19,8
408 aXx EnD 23,3 i9,7
Heh  Ax END 20,7 17.9
- 478 TAX END - T 24,9 20,7
444 Ax END 23,5 19,8
THuE TTAx TTEWNDTT T TTTTTEA S -3 P A -
S0A  AX END 24,6 2d,6
BB Tax T END - - 20,8
S2A  AX END 23,8 20,0
28 AX T END - T 26,2 21,5
S56A AX END cb,8 21,8
TSLABIBT TRBEET AX T UERD T T e 0.4 7.7 °
58A  AX END 24,14 20,2
8§88~ Ax ~ END T T 2444 2,4
60A Ax  ENy L _ 25,9 2l.3 _
608 AX Enb es,2 20,9
PO RRTERCCR TR PPV PR TR RO RISRI RO PPORROCER R DPRPOECERNOR DR D@
-0 T MERNTTTTT [ 7/ SO 1 - -1 . T W
. (3572, P8I} (28976, P8I)
- §¥0, DEV, ~ [, 8 wP4 T, { ¥pa
—— ( %6, PSI) ( 162, P8I)

D o P S S TR TR R D o o o PO G0 R TR B o o T D 5 un W OF OB 0 60wy 00 U qU 50 o 3D U 0 20 5D 00 o O 4p up o 0b B O OF 9D 4D B OD O 6 0 B 6D WP (B 60

RO
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TABLE 11-15 (Continued)

LA T LA A A AL Y L LS Y L T A A b L Ll L 2L L]

LUT NO,
LOG ND, 6484m=81

L0G DENSITY ws

SPEC, DIA,
_ SPEC, LENGTH

MG/MER D

6,4 MM
51, MM

RV RPRACRET RV P VPP RCR DTN TR RN PRI TR RO RD Do P00 S0 S RS

SPFCIMENM  ORIENT= LUCA= DENSTTY MUDULUS OF FLEXURAL
NUMBER ATION TION (MG/Mex3) RUPTURE (MPA)Y STRENGTH (MPA)
. (UNCORRECTEDY (CORRECTED)
§LAB6A _ b6A  AX M _ gH4,.5 - 19,6
b6H AKX ML FYIR 19,8
oBa  AX ML o o 25,0 19,8
6Bk AX My e, 3 19,5
704 ax M o . €H,3 19,5
7ug AX M 26,0 20,3
TUA  AX ML o 16,8 14,7
TuH  AX M, 19,6 16,6
7o8  AX ML B 21,8 18,0
TeoB AX My 18,4 19,9
THA  AX My, 19,0 16,8
788  aAX My 18,4 15,8
A2a A oML 24,5 19,6
SLABGA BB ~AX ML 2u.3 19,5
B4A  Ax ML B 24,9 19,8
fun  AX Ml 24,4 19,5
HoA  AX M o 27,4 20,9
B6R  AX ML é5,1 19,9
92A _AX ML 21,3 20,9 L
92R  AX ML 25,1 19,9
94a  ax My, _ 28,0 2t,2
9dH  AX My, 25,9 20,3
SLARGH 98A  AX ML ~ 25,5 20,1
98k AX My 251 19,9
1o0A  ax oM. . 23,5 19,0 ___
100B T AX My 21,8 18,1
104A  AX ML - 19,5 16,6
1048 AX "t 17,9 15,5 N
1064 AX ML 18,0 16,0
1068  Ax v - - 18,8 16,1
1BA  AX ML 17.9 15,5
BLAHGE 1GBETAX T TRL T 19.3 16,47 T
114a  AX ML L 24,1 19,3
- 1148  AX I - 24,0 19,3
116A  Ax My, 26,5 20.6
116B A% ML - 25,71 7 20,2
120A  AX ML 23,2 18,9
- 120w T AKX ML T - 7% T U DY R
122A  AX M 21,2 17,7
1228 A%~ M B TTTTTTTT 21,6 17,97 -
1284 AX_ My N 20,8 174 ~
1288 AX ML 22,9 18,7
wn-n-n--wn—mv-anmnwmp-uow-unmnﬂonnnn-uwno-.qn.mn::.:lnwnnnwn-ﬂ
o - " MEAN - Té2.9 MPa 18,5 MPA
(3318, PST) (2689, PSIY
” STD, DEV, o TR0 MPa 1,8 MPA
_ e L oHa1. PSS { 260, P8I
VR DR PROR RV TRTRATI DR RN DO RTRNRPRONNTTRRETORT DB NRORTOVRN PGB RS

1
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TABLE 11-15 (Continued)
L2 Y L L L LYY R L Y LT Pyt Lo g X A 2 L1 X 2 22X 1 3

“LOT ND, B SPEC, DIA, 6,4 MM
L LOG ND, 64BUmH1Y SPEC, LENGTH  S1, MM
LOG DENSITY == MG/MERS

__SPECIMEN URIENT= LUCAe DENSITY MUOULUS OF FLEXURAL
NUMBER ATION TIDN (MG/M#x3) RUPTURE (MPAY STRENGTH (MPA)
B (UNCORRECLTED)  (CORRECTED)

L XL LAl Ty LAl Al XYYy 2 2 L2 L AL A2 XL L2 L 0 L 2 8 2 2 2 X & L 3 ¥ 3

SLAB1A 7 _RAD END 25,3 . 21,6
9 RAD END 25,0 21,4
13 RAD  END 23,0 20,0
1% RAD END 22l 19,5
o 19 RAD __END 25,5 et
33 RAD END 24,9 21,3
35 RaD END 29,1 L 24,0 .
39 paAD END 27,0 22,7
. 4] Rmap END 22,2 19,4 L
4% RAD END 23,6 20,4
__SLABIB 59 RAD _ END 24,3 20,9 -
b1 RAD EnND 25,4 el.6
) 65 RAD END 27,2 ~ 22,86
67 RAD END 26,0 2e.5 -
71 RAD  END 29,0 23,9
85 RAD END ebee 22,1
o %1 RAD _ END _ 29,4 24,2 .
93 RAD END 26,3 2é,.2e
SLABIB 97 RAD _ END 26,0 22,0
SLAKIB 87 RAD END 26,1 2e, 1
ME AN 25,7 MPA 21,8 MPA

(3733, PSI) (3165, PSI) _

81D, DEV, 2,1 MPA 1,4 MPA
( 297. PS1) ¢ 197, PSI)

ﬂ‘.ﬂﬁ'w"'ﬂﬂ..'ﬂ“.“ﬂ"."’”ﬂ.ﬂ’ﬂ'QQ...Q".ﬂﬂﬂnﬂ'-ﬂﬂ'ﬂ’..ﬂ'ﬂ.ﬂ.‘-
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TABLE 11-15 (Continued)

L F ¥ I & 3 L .0 % % 2 K £ B ¥ ¥ § 3 3 ¥ X R 3 L 2 R 3 & L L T L 2 ¥ % % ]

Lat No, SPEC, 014, 6,4 MM
o __LOG ND, 64Bu-Bi SPEC, LENGTH 51, MM
N LOG DENSITY == MG/Ma%3 T T
L2 2 3 % B 3 ¥ FoX % L 2. F % ¥ X od f g 2 B ¥ ¥ L T ¥ ¥y ryy -y g i 3 2 0 3 L4 2 XY L ryy 3 2 2.5 3 X 3 % F 32 % ¥ 2
SPECIMEN ORIENT= LUCA= DENSITY MODULUS OF  FLEXURAL o
NUMBER ATION TION (MG/Mx23) RUPTURE (MPA) STRENGTH (MPA)

S (UNCORRECYED)Y _ (CORRECTED)

L2 L L L 1 L L A A Yy P L A X X2 L.X ¥y 3 2.8 R 0 L A 52 A A Ar X2 2 3 1 3 5 L1 3 & 2 2 L4 F 4 %

SLABGA 111 RAD ML 24,7 20,5 -
113 RAD ™ML 25,4 21,0
117 RAD ML 26,7 21,7 i
119 RAD ML 26,2 21,4
N 123 RAD ML 25,1 20,7 L
137 RAD ML 27,4 22,1
139 RAD ML 28,1 22,5 B
143 RAD ML 26,3 21,5
145 RAD ML 25,7 2 7S
149 RAD ML 27,1 21,9
 SLAB6B 163 RAD ML 22,3 18,9
165 RAD ML 23,4 19,7
169 RAD ML 24,6 20,4
171 RAD ML 1.9 18,7
175 RAD ML ~ 21,6 18,5
189 RAD ML 2,1 18,1
_ SLAB6B 191 RAD | 21,2 18,2 ~
195 RAD ML 20,3 17,6
197 RAD ML _ 21,8 18,6
201 RAD WML 20,6 17,8
ME AN 2,1 MPA 20,1 MPA

(3493, PSI) (2908, PSI)

31D, DEV, 2e5 MPA 1,6 MPA

( 368, PSI) (231, PSD)

LA A L L L L L AL A R 1 LA a2 A Ly L A0 LAl A Al Al L b 3 2 T L L 2 A Bl b b b L & 3 A 2 b b
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TABLE 11-16
COMPRESSIVE STRENGTH AND MODULUS OF ELASTICITY FOR GRADE H-440N

o o G o G G Gm oo G OB €9 G UG Cb G ab TN O G WL @b GF G WY G OB G GF GD G W W G b on R o G WD @D e

LOT NOe _ - SPEC. DIA, 128 MM
LOG NO. 6484-81 SPEC. LENGTH 25, MM
o e e QG DENSITY == . MG/M%22

o s R am w G B OGP WM WS AD > GO R CR G O G¥ GO B TS g0 W G AP AD e T D GE T @ D D D G GO @n OGP O W GD GD WO ON Th G TP Ob W T G W@ W 0B o

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- €O

_NUMBER ATION TION (MG/M#»«x3IMODULUS ANENT TURE STR
{GFPA) SET STRAIN {
R e e e . . (PCT} (PCT) .
..................................... g o o e
- 14 _LeC AX END 6.0 « 150 2.084
L8C AX END 562 «180 3.289
- - L12C AX _ END Bel 2110 24176
LiuC AX EnD 6.0 «150C 3,104
e 18 _L3LC AX . _END £.0 e B0 248570
L32C AX £ ND $5.3 « 160 3,404
L36C AX END 525 el80 3Z.u84
L38C AX END S¢S e 200 2,238
MEAN 5¢7 «l1684 2,953
N - - o { «83 MPSI} ¢
STDe DEVo ab 128 e 544
{ 05 MPSI} {
14 L5% RAD _END 6.7 2133 26345
L9B RAD END 6.9 « 130 2,186
L1388 RAD  _END _ Teb e120 1.669
L2382 RAD END Te2 «ild 1,836
e .- 1B _LBLL RAD O END 719 . 2130 2311
L4Sk RAD END Tel «130 2.178
L49B RAD _ EWND 6,9 +1UC 1.9%6
LSek RAD END Te2 <120 1.7748
ME AN Te2 «130 2.032
e e o o e e e (1.04 MPSI} {
. STD. DEV, ol «308 e 257
{ 05 MPSI) {

e oo A i 00 Pt i 4w ——— s E——
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ENGTH
MPA)

= on ww o @

o o wp w w e @

52.2
TS574 P51

29
418 .PSI)

- @ e @ o an an

= o > am @ w> w w

49.4
T168,PS1)
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333.PS1



TABLE 11-16 (Continued)

-G G e D TGN D eGP OF O GD WD T €D G G0 GO GN 0h O D Wb Gb Gh Qb W WK GP oD s W WGP GF GP D es e

- . LOT NQ.. SPEC. DIA, 12.8 MM
LOG ~0. 6“8“"81 SPEC. LENGTH 25: MM
e own kLG DENSITY == MG/M¥%T I

O D D o G M M D W W G D GO P D W D Th D e o h DD G G e Ym G On OB O D WP G G G B D G W G P WS AD OF G U) GD o oD UB WD e D P G OB O G0

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- COMPR.,

NUMBER ATION TION (MG/M%%3)MODULUS ANENT TURE STRENGTH
{GPA) SET STRAIN {MPA)

(PCT) (PCT)

ca o> cn cn G G G WS 2 D Gr W D GO TR OB GD OGP W @D G0 GT G WD ED O Gb Gn Gb Gk OF OD €5 O OD GF AP G 4> UD e U W O WD GO Gb O OF GB OT Gh e o WD GO O W W S

6A LS5JC AX ML 6ol e 160 el 53:6
LS4 AX ML 508 e120 2.990 523
L56C AX ML Y.4 el80 2.983 43,7
L6CC AX ML 58 «150 3,027 52.0 -
e 6B LTRC AX . ML I - 6.0 2130 3461 S5t
L78¢C AX ML S«b « 160 2.502 53.8
LB8OL AX. ML - 3.9 2129 2.959 43.1 b
L84 ( AX ML 4.3 e150 2,043 43,9
MEAN 52 « 148 2,153 89,7
S - — { «7T6 MPS]I) - (¢ 7212.PSI)
- $TD. DEV., - 9 . _ <028 «237 5.2
¢ .13 MPSTI) £ 753.PSI)
D RS R W P e W G S TR W W O G *“‘-”""‘Q*’W-”-”-“ WD W R SO G A, R A AT GRS R S SR OB W0 E@B GR W0 SR Ol W oo O e e e gn
6A LT77F RAD ML 5¢6_ « 372 1.765 319.2
L81" RAD ML Bl <160 1.991 841.4
L85+~ RAD ML he§ «180 2.214 39.4
£L95+ RAD ML 6el 180 1,638 40.8
_ 6B L113F RAR ML o Sed __ 2130 1.904 37.9
L117: RAD ML Seld «120 2.650 42.8
L1216 RAD ML 52 « 300 2+316 41.7
L1311~ RAD ML 4.6 «180 2.167 39,0
....................... om0 e o e e o e e S o -
MEAN 52 +l48 2.080 40.3
e e o € «75 MPSI} _ { 5843.PSI1}
STD. DEV, 5 030 e 325 1.6
f 07 HMPSI) § 237.PSI1}) -
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TABLE 11=-17
FATIGUE TESTS ON PGX GRAPHITE

RRPENOCPAORRBERBPD AN PRI RPEE R DR

LT g »e LOG NUS odBdw74
ORrIE TATLOv: Ax LaLaTI0Ng EnDenine THIRDL RADIUS

STRESS waTIls » (r 4, STRESS / MAX, STRESS8): =1.u

SRELT AR W, DENSITY GAX MIN, CYCLES TO FAILURE
(/" ®xB)  STRESS STRESS
- {NRAY (HPA)

T G 89 G 0 G U G R o G R 00 OB D 09 00 E 9 0 SR m WD YR W W R OR XD V5! 0 AW g O G0 O 06 OF o8 G OF qp av W R O BN 6D @F O D OR 20 60 ©F

34r 1,771 4,3 4,5 2121500 (RUNOUT)
inB 1785 4,8 4,3 2119600 (RUnUUT)
enb 1767 4,3 4e3 2100100 (PUNOUT)
T 1,703 4,73 4.3 11060

B Lo 76l 4.3 4.3 2054000 CRUIDUT)
g Joflou Bl 4,35 Sup

7128 1.76% T 4 4,3 2103590 (RUNIUT)
Sua 17097 4o 8 4y 3 2146900 (RUrHUT)Y
b 1,760 4.3 4,3 2137800 (RuUNDYT)
ma 1.770 4o} 4,3 2100800 (RUNGIUT)
Lug 1701 Be# S.4 telvt

arnh {0799 5,4 54 1342

2uC 1.76w 8,4 5.4 1828
56 1e /07 P! S 569460
geh 17174 Daek 5.4 859

Vup 1o 755 8.4 B ol 239
el 1708 Sel 5e4 16000
voh 1.767 Lan 5.4 2126800 (RU LU
Tos 1,769 Se4 Sel 2hvi

ér 1elbb Beb h,b 4T

Bl 1o /605 bl b8 SUB

14 A 1700 bed Q.3 ous

el lofb4 4,3 el 496

1oA 1757 6.3 6.3 2%

bR 1a7599 6e3 he3 82
Sult 1779 L 6,3 2130

ToC 1. 473 6.3 6,3 SELY

TuA te761 6o o3 260

oo 1760 6,3 L 418
BHE 1,760 fe3 6,3 ile

a4c 1759 6.8 €9 17

117 1707 6,9 6,9 44

308 1,768 a9 6,9 113

180 1,740 5e9 6,9 193
S6R 1757 6s9 2,9 1e

28 1774 he9 6,9 38
8es 1e765 o9 be9 79

124 1.753 he9 b9 8

Teg 1.70006 b,9 b9 KT
Y'Y 1,779 6.9 6,9 27

Te™ 12759 Tatt o b < 1 (FIRST CYCLE)
4ot 1,761 7.8 W i
24n 1,768 N Tt 18 ot
12¢ 12755 Tah Teb 8

508 1,768 T8 o 0 2

324 1,765 T8 T8 B

G A 170l TR 7.8 3

eal 1.763 T B 7,8 12

bud 1,772 748 ) 1

Gua 1.776 78 7.8 3

W R oo A o G B0 60 6 g e e WA P WD AR U WY G0 T G0 D T M 4 o OF wp NP 5D B A wn U O G5 U9 OB gb 00 am o o o B D 6D 0 B0 @ e ol
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TABLE 11-18
UNIAXIAL FATIGUE ENDURANCE LIMITS FOR PGX GRAPHITE
(SPECIMENS FROM LOG 6484-74, END ~ ONE-THIRD RADIUS LOCATION)

Endurance Limits,
Peak Stress/Mean Strength

Stress Ratio, R | Number of 99/95 Lower
Orientation Omin/max Cycles 50% Survival | Tolerance Limit

Radial 0 100

1,000
10,000
100,000

-1 100

1,000
10,000
100,000

Axial 0 100

1,000
10,000
100,000

-1 100

1,000
10,000
100,000

OO0 OO0 OO0 OOO0OO
VN N0 NN 00 NS00 0 000 WY WO
NeaJgWw PO =U1 ~CONMNO UTODN
OO0 OO0 OO0 OCOooo
Loy VOO LU0 VOO
NN QLWUWNO DO POWY —
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TABLE 11-19
AVERAGE AND RANGE OF STEAM OXIDATION REACTION RATES
OF STACKPOLE 2020 GRAPHITE(a)

High Average Low Sampling

(%/hr) (%Z/hr) (%/hr) Frequency
Slab 1 Edge 0.5488 | 0.1268 | 0.0042 48
Whole radius 0.1147 | 0.0350 0.0085 16
Center 0.0483 | 0.0138 | 0.0048 14
Slab 3 Edge 0.0084 0.0049 0.0013 45
Whole radius | 0.0132 | 0.0083 | 0.0053 17
Center 0.0084 0.0060 0.0020 17
Slab 5 Edge 0.0123 0.0078 0.0031 45
Whole radius | 0.0374 | 0.0173 | 0.0081 17
Center 0.0159 | 0.0093 | 0.0034 17

(a)

Experimental conditions:
mix = 57 Hz, 3% H20, balance He.

temperature = 1148 K, gas
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TABLE 11-20

REACTION RATE AND DENSITY OF SAMPLES, GROUPED ACCORDING TO SECTION

Distance from Reaction Densit
Top of Log Sample Orien- Sample Burnoff Rate X l03
Slab | Section (m) Type tation No .2 (%) (%/h) (kg/m”)
1 A 0 - 0.076 Comp. Radial 1E 4,315 0.0891 -
4 C 4,791 0.0124 1.776
5E 15.774 0.2504 1.774
7E 12.195 0.1009 1.772
8 C 2.544 0.0120 -
9 E 7.767 0.0597 1.775
Axial 201 E 13.344 0.2756 1.783
203 E 5.967 0.1962 1.784
204 E 4,807 0.0993 1.779
205 E 16.695 0.5488 1.785
207 E 11.954 0.2468 —
209 E 1.157 0.0089 1.790
211 E 3.894 0.1512 1.779
213 ¢C 0.933 0.0193 1.782
Tens. Radial 1R 6.305 0.0430 1.780
4 R 5.091 0.0348 1.787
5 R 16.541 0.1129 1.782
8 R 6.095 0.0416 1.781
9 R 16.803 0.1147 1.781
Axial 201 E 2,625 0.0208 1.784
203 E 13.223 0.1047 1.780
205 E 3.693 0.0292 1.786
207 E 25.392 0.2009 1.788
209 E 17.612 0.1393 1.782
211 E 2.474 0.0196 1.785
213 E 3,352 0.0365 1.787
215 E 5.313 0.0420 High 0.5488 1.788 High 1.790
217 E 2.880 0.0228 Avg. 0.1053 1.787 Avg. 1.782
219 C 3.827 0.0303 Low 0.0089 1.787 Low 1.772
B 0.076 - 0.152 Comp. Radial 12 C 1.167 0.0483 1.772
13 E 3.820 0.0058 1.773
16 C 0.768 0.0122 1.766
17 E 3.569 0.0058 1.776




LOL—-11

TABLE 11-20 (Continued)

Distance from Reaction Density
Top of Log Sample Orien- Sample Burnoff Rate x 107
Slab | Section (m) Type tation No.(3) (%) (%/h) (kg/m3)
(1) (B) (0.076 - 0.152) (Comp.) | Axial 215 E 23.379 0.1912 1.784
217 E 14,496 0.2971 1.786
219 E 5.347 0.2707 1.783
221 E 7.932 0.4016 1.792
223 E 2,531 0.0124 1.794
225 E 8.650 0.4380 1.780
227 C 2,141 0.0101 -
Tens. Radial 12 R 2,277 0.0155 1.780
16 R 1.950 0.0133 1,778
17 R 8.672 0.0592 1.776
Axial 221 E 0.714 0.0056 1.784
223 E 1.828 0.0145 1.782
225 E 3.834 0.0303 1.783
227 E 24,096 0.1906 1.780
229 E 10.152 0.0803 1.781
231 E 0.503 0.0050 1.778
233 E 4,499 0.0087 1.781
235 E 2.883 0.0042 High 0.4380f 1.778 High 1.794
237 E 0.576 0.0058 Avg. 0.0891| 1.766 Avg. 1.780
239 ¢ 5.340 0.0118 Low 0.0042| 1.779 Low 1.766
c 0.152 - 0.229 Comp., Radial 20 C 3.015 0.0095 1.771
21 E 3.399 0.0088 1.784
24 C 0.676 0.0057 1.775
25 E 4.353 0.0073 1.783
Axial 229 E 7.378 0.1523 -
230 E 9,292 0.1475 1.779
231 E 14.953 0.1223 1.788
233 E 14.386 0.2971 1.782
235 E 10.968 0.3606 1.789
237 E 5.841 0.0083 1.790
239 E 7.323 0.3708 1.780
241 C 2.577 0.0053 1.783
Tens, Radial 20 R 1.747 0.119 1.778
21 R 5.142 0.0351 High 0.3708 | 1.778 High 1.790
24 R 1.850 0.0126 Avg. 0.0984 | 1.781 Avg. 1,781
25 R 2.824 0.0193 Low 0,0053 ) 1.781 Low 1,771
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TABLE 11-20 (Continued)

Distance from Reaction Density
Top of Log Sample Orien- Sample- Burnoff Rate x 10
Slab | Section (m) Type tation No.(8 (%) (%/h) (kg/m”)
5! D 0.229 - 0.305 Comp. Radial 28 C 1.430 0.0068 -
29 E 0.622 0.0052 1.780
30 C 4,454 0.0048 1.766
32 C 2.039 0.0053 1.784
33 E 2.394 0.0066 1.777
Tens. Radial 28 R 1.873 0.0128 1.780
' 29 R 1.806 0.0123 High 0.0128 | 1.784 High 1.784
32 R 1.804 0.0123 Avg. 0.0083] 1.781 Avg, 1.779
33 R 0.830 0.0085 Low 0.0048| 1.781 Low 1.766
3 E 0.762 - 0.838 Comp. Radial 36 C 1.655 0.0078 -
37 E 0.649 0.0055 1.775
40 C 2,310 0.0064 1.774
41 E 2.610 0.0082 1.773
44 C 0.749 0.0063 1.775
Axial 243 E 0.646 0.0052 1.782
245 E 3.164 0.0027 1.783
247 E 1.393 0.0066 —
249 E 1.899 0.0067 1.784
250 E 0.828 0.0064 1.780
251 E 0.875 0.0070 1.779
253 E 4,341 0.0047 1.782
255 ¢C 3.082 0.0063 1.778
Tens. Radial 36 R 2.415 0.0053 1.782
37 R 4,170 0.0107 1.782
40 R 0.753 0.0077 1.782
41 R 3.780 0.0073 1.783
44 R 2.862 0.0099 1.787
Axial 243 E 1.675 0.0015 1.786
245 E 0.506 0.0021 1.783
247 E 1.614 0.0015 1.783
249 E 1.407 0.0033 1.784
251 E 0.562 0.0023 1.783
253 E 1.930 0.0017 1.782
255 E 3.961 0.0061 1.782
257 E 1.056 0.0044 High 0.0107 | 1.783 High 1.787
259 C 2,818 0.0054 Avg. 0.0055 | 1.783 Avg, 1.781
261 C 3.438 0.0053 Low 0.0015( 1.782 Low 1.773

» ‘ H
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TABLE 11~20 (Continued)

u.s

Distance from Reaction Density
Top of Log Sample Orien~- Sample Burnoff Rate x 10 %
Slab | Section (m) Type tation No.(a) ¢9) (%Z/h) (kg/m”)
(3> F 0.838 - 0.914 Comp. Radial 45 E 4.362 0.0073 1.774
47 E 0.858 0.0031 1.766
48 C 1.690 0.0082 1.766
49 E 1.947 0.0050 1.768
52 C 1.254 0.0059 -
Axial 257 E 0.579 0.0045 1.784
259 E 1.025 0.0036 1.785
261 E 3.426 0.0039 1.786
263 E 1.483 0.0046 1.784
265 E 0.839 0.0067 1.782
267 E 1.222 0.0058 -
269 C 4,404 0.0047 1.782
Tens. Radial 45 R 0.789 0.0081 1.780
48 R 2.944 0.0106 1.786
49 R 2,411 0.0053 1.776
52 R 0.780 0.0080 1.777
Axial 263 E 0.480 0.0020 1.787
265 E 1.462 0.0013 1.787
267 E 1.074 0.0021 1.787
269 E 2,147 0.0041 1.786
271 E 0.811 0.0033 1.785
273 E 4.197 0.0065 1.784
275 E 3.768 0.0058 1.786
277 E 1.112 0.0046 High 0.0106| 1.784 High 1.787
279 C 2.250 0.0020 Avg. 0.0052 ) 1.784 Avg. 1.781
281 C 4.5501 0.0071 Low 0.0013| 1.781 Low 1.766
G 0.914 - 0.991 Comp. Radial 53 E 0.642 0.0054 1.772
56 C 3.264 0.0084 1.764
57 E 2.675 0.0084 1.775
60 C 2.860 0.0047 1.771
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TABLE 11-20 (Continued)

Distance from Reaction Densigy
Top of Log Sample Orien- Sample Burnoff Rate x 10 3
Slab Section (m) Type tation No £a) (%) (%/h) (kg/m”)
(3) (G) (0,914 ~ 0.991) (Comp.) Axial 271 E 1.565 0.0055 1,787
273 E 1.399 0.0066 -
275 E 3.004 0.0062 1.780
276 E 1.743 0.0084 1.754
277 E 0.846 0.0068 1,778
279 E 1.382 0.0043 1,787
281 E 2,023 0.0042 1,778
283 C 0.915 0.0073 1,783
Tens, Radial 53 R 0.812 0.0083 1.774
56 R 4,248 0.0127 High 0.0127 | 1.780 High 1.787
57 R 0.712 0.0073 Avg., 0.0068| 1.777 Avg. 1.776
60 R 2,715 0.0060 Low 0.0042| 1.781 Low 1.754
H 0.991 -~ 1.067 Comp, Radial 61 E 1.588 0.0075 -
62 C 0.666 0.0048 1.769
64 C 0.684 0.0058 1.768
65 E 4,614 0.0077 1.782
68 C 1.150 0.0054 -
Tens, Radial 61 R 4,377 0.0132 1.781
64 R 0.677 0.0068 High 0.0132| 1,781 High 1.783.
65 R 3.417 0.0066 Avg. 0.0072| 1.783 Avg. 1.778
68 R 0.684 0.0070 Low O0.0048| 1.783 Low 1.768
5 I 1.524 - 1,600 Comp. Radial 69 E 1.956 0.0093 -
72 C 0.524 0.0083 1.787
73 E 2.865 0.0047 1.792
76 C 2,691 0.0130 1.789
77 E 0.920 0.0077 1.799
78 C 1.225 0.0100 1.790
Axial 285 E 4,589 0.0049 1.800
286 E 1,007 0.0060 1.796
287 E 1.977 0.0069 1.800
289 E 4,823 0.0053 1,792
291 E 6.607 0.0112 1.792
293 E 2,509 0.0077 1.795
295 E 1.627 0.0070 1.795
297 C 1,966 0.0093 -
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TABLE 11-20 (Continued)

Distance from Reaction Density
Top of Log Sample Orien- Sample Burnoff Rate X 10—%
Slab | Section (m) Type tation No.(a) (%) (%/h) (kg/m”)
(5) (1) (1.524 - 1.600) Tens. Radial 69 R 1.128 0.0177 1.796
72 R 4,492 0.0180 1.800
73 R 3.009 0.0088 1.798
76 R 0.876 0.0138 1.796
77 R 4,218 0.0081 1.797
Axial 283 E 1.511 0.0062 1.806
285 E 4.677 0.0091 1.806
287 E 4,764 0.0093 1.802
289 E 0.650 0.0065 1.804
291 E 3.263 0.0033 1.802
293 E 5.062 0.0078 1.804
295 E 1.401 0.0058 1.801
297 E 2.289 0.0054 High 0.0180| 1.803 High 1.806
299 C 5,289 0.0117 Avg. 0.0085}| 1.802 Avg. 1.801
201 C 2.445 0.0035 Low 0.0033 1.802 Low 1.796
J 1.600 ~ 1.676 Comp. Radial 80 C 1.822 0.0088 1.794
81 E 5.209 0.0088 1.799
84 C 0.543 0.0086 1.800
85 E 2.023 0.0096 -
Axial 299 E 1.338 0.0107 1.792
301 E 4,638 0.0057 1.799
303 E 2,495 0.0118 -
305 E 2,015 0.0062 1.791
307 E 1.569 0.0077 1.792
308 E 1.183 0.0082 1.788
309 E 6.143 0.0079 1.790
311 C 0.734 0.0091 1,783
Tens. Radial 80 R 4,794 - 1.802
81 R 2,214 0.0348 1.798
84 R 2.382 0.0374 1.801
85 R 2.561 0.0075 1.805
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TABLE 11~20 (Continued)

Distance from Reaction Density
Top of Log Sample Orien~ Sample Burnoff Rate x 10
Slab | Section (m) Type tation No .(a) (%) (%/h) (ke/m”)
(5) @) (1.600 - 1.676) (Tens.) | Axial 303 E 0.562 0.0056 1.809
305 E 4,573 0.0090 1.809
307 E 4.736 0.0092 1.808
309 E 1.166 0.0048 1.808
311 E 3.036 0.0031 1.805
313 E 5.376 0.0083 1.806
315 E 1.617 0.0067 1.806
317 E 4.691 0.0092 High 0.03741 1.807 High 1.809
319 C 3.375 0.0034 Avg. 0.0100| 1.803 Avg. 1.800
321 ¢ 1,764 0.0073 Low 0.0031] 1.802 Low 1.783
K 1.676 - 1,753 Comp. Radial 88 C 3.628 0.0104 1.79
89 E 2,022 0.0098 1.800
92 C 1.755 0.0083 -
93 E 6.563 0.0112 1.807
Axial 313 E 1.073 0.0046 1.799
315 E 2.599 0.0123 -
317 E 2.370 0.0073 1.795
319 E 2.218 0.0109 1.793
321 E 2,183 0.0093 1.795
323 E 2.326 0.0110 -
325 C 1.725 0.0138 1.785
Tens, Radial 88 R 1.931 0.0303 1.799
89 R 3.943 0.0110 High 0.0303| 1.803 High 1.807
92 R 5.311 0.0117 Avg. 0.0119| 1.807 Avg. 1.798
93 R 1.098 0.0173 Low 0.0046| 1.802 Low 1.785
L 1.753 - 1.829 Comp. Radial 96 C 2.431 0.0117 1.807
97 E 0.906 0.0076 1.807
100 C 5.060, 0.0159 1.807
101 E 3.877 0.0110 1.815
102 ¢ 1.425 0.0044 1.803
Tens. Radial 96 R 4.013 0.0110 1.809
97 R 2.786 0.0082 High 0.0234{ 1.805 High 1.815
100 R 1.490 0.0234 Avg. 0.0116] 1.808 Avg. 1.808
101 R 4.924 - Low 0.0044| 1.808 Low 1.803

(a)

Lateral location; C = center, E = edge, and R = whole radius.

. € '
¥ Al
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TABLE 11-21

IMPURITIES FOUND IN STACKPOLE 2020 GRAPHITE

Impurity Concentration (ppm) Position in 5.5-m Log
Distance Edge
Specimen From Top or
Number Al | Ba Ca| Cu |Fe |Pb | Mg |Nb |si|Ti | ¥ (m) Center ()
6799-52-11 60 | 20 200 | <1 40| 6 [(<0.51<6 120 |20 |20 0.075
6799-52-34 | 20| 20 100 | <1 10 | 60 |<0.5|<6 |80 | 2 |<0.5 0.250 C
6799-53-43 | 20| 20 100 | 8 10 1 <6 | 1 20 {40 |40 (20 0.85
6799~-53-58 | 60| 20 100 | <1 4] <6 1 <6 |60 |40 |20 0.95
6799-54~71 <t |10 100 | <0.5 | <1 1 <6 | 1 <6 |60 {20 |10 1.5
6799-54-98 1100 | 20 200 | <1 <11<6 | 1 <6 |60 |10 1.8
Mean 43| 18 133 2 14115 |1 0.8 8|63 |22 |13
(a)C center sample obtained at depth of 44 mm or greater from surface

Wow

E

edge sample obtained within 44 mm of surface
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