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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 HTGR 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. 

V 
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4, HTGR FISSION PRODUCT MECHANISMS 
189a 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, 

4-6; 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 "sterile" 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 8% hydrogen in helium mixture. The sink was removed 

and replaced by the clean one which was placed in the spacer, crucible, and 

niobiiHn 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 openingi and the 

glove-bag was opened. A new niobium tube was welded to the lid. 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 lid 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 8% H„, 

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 8% H„ 

at room temperature, purged at 500°C, promptly heated to 860°C, purged 

twice (which took about 6 minutes), and cooled 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 10 n/m (E > 29 fJ) g„ during 104 days of irradiation. The 

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

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. In 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 

average permeability of 2 x 10 m /s in the earlier experiments and took 

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 
2 

m /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 
-12 2 -12 2 

10 m /s, which is reasonably close to that of 3.6 x 10 m /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, 4.0% in 

the sleeve and plugs, 1.2% in the sink, 0.4% in the caps, and some 0.2% 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 
-14 2 10 m /s. The original permeability of the sleeve on the basis of two 

-12 2 
non-sterile anneals of 6 and 16 hours duration is 3.6 x 10 m /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 3.85% 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 

Experiment 

Preirradiation 

In-pile (irradi
ation) 

Previous out-of-
pile experiments 

Postirradiation ^ 

Source 

Ident. 

A 

A 

B 

A 

A 

B 

B 

Activity 
(yCi) 

74.5 

1330 

59.6 

1290 

1250 

None 

None 

61.0 

60.1 

SI 

Ident. 

C 

C 

D 

D 

D 

C 

C 

c 
c 

eeve 

Activity 
(yCi) 

0.788 

51.2 

0.73 

17.3 

18.3 

(c) 

41.2 

41.8 

41.4 

Sink 
Activity 
(yCi) 

(a) 

16.4 

(a) 

3.81 

5.28 

6.01 

0.860 

0.636 

0.679 

Permeation 
Coefficient 
(x 10-12 m2/s) 

3.6 

0.031 

2.3 

2.1 

5.6 

Comments 

Avg. of several experiments at 1138 K 

Activity (yCi) on other components 
was 5.68 on plugs, 5.43 on cap, 
0.76 on spacer, 5.86 on crucible, 
and 1.98 on crucible cap 

Avg. of earlier experiments 
at 1138 K using source B and 
sleeve D (Ref. 4-2) 

6 h at 1138K 

6 h at 1138K 

5 h at 1138K 

6 h at 1138K 

6 h at 1138K 

6 h at 1138K 

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. 

^B^ * , 1 ̂ B^ 



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 also 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 one 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 reported steady state is shown 

4-8 



20 r 

o 
< 

< 
-J 

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 30% 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 18% 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 25% 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 overpredlcted 

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 overpredlcted 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 Simamary 

Release rate coefficient data are required to determine the release of 

radionuclides from the HTGR 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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Fig. 4-2. Release rate coefficients for intact particles as a function 
of temperature 
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Fig. 4-3. Release rate coefficients for failed particles as a function 
of temperature 
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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 Th0„ 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 

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: 

1. Iodine release from failed BISO particles with oxide kernels. 

2. Iodine release from failed TRISO particles with dense UC„ kernels. 

3. Iodine release from intact particles, 

4. Xenon release from failed particles. 

5. Xenon release from intact particles. 

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: 

F^^, = 1 - e-^^ . (4-1) 

where F ^ = fractional release, R = release rate coefficient, and t = time, 
rel 

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, F ^, 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. 

Iodine 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 U0„ 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 U0„ kernels is similar to that from ThO„ 

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. 
(°C) 

1100 

1200 

1300 

1350 

1400 

1500 

1000 

1100 

1200 

1300 

1400 

1500 

Percent 
Release(a) 

3 .2(b) 
0 . 8 
2 .7 
1.6 
4 . 4 
2 . 9 
2 .9 
5 .4 
2 . 9 
7 .7 

12.8 
13.9 

8.7 
33.3 

0.63(c) 
1.15 
0.29 
3.1 
1.7 
4 . 5 
3 . 4 

10,3 
11.8 
18.9 
22.9 
53-.5 

R 

0.0325 
0.0080 
0.0274 
0.0161 
0.0450 
0.0294 
0.0294 
0.0555 
0.0294 
0.080 
0.137 
0.150 
0.091 
0.405 

0.0032 
0.0058 
0.0015 
0.0158 
0.0086 
0.0230 
0.0173 
0.0545 
0.0630 
0.1045 
0.1300 
0.383 

Data Source 

Ref. 4 - 1 1 , Table 5 .4 , 
p . 80; 1-hour anneal 
da ta 

Ref. 4-10, F i g . 5.13, 
p . 97; 2-hour anneal 
da ta 

(a) 
Percent release values are for 1-131 release from 

mechanically cracked pyrolytic carbon coated UO2. 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. 
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Fig. 4-4. Temperature dependence of release rate coefficients for iodine 
release from failed BISO particles (i.e., failed particles with 
oxide kernels) 
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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 conditions.) 

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 constrained 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 K. 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 11% 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 sjrmmetric to the upper bound. 

Iodine Release From Failed TRISO Particles with UC2 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 UC„. These were the only 

available data for iodine release from failed particles with UC„ 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 
RELEASE RATE COEFFICIENTS (R) FOR IODINE RELEASE 

FROM FAILED TRISO PARTICLES(a) 

Temp. 
(°C) 

1000 

1300 

1400 

Percent 
Release 

0.04 
0.2 
0.7 
0.06 
0.03 

0.5 
0.7 
0.1 
0.3 

0.9 
1.5 

R 

0.0002 
0.001 
0.0035 
0.0003 
0.00015 

0.0025 
0.0035 
0.0005 
0.0015 

0.0045 
0.0076 

Percent release values taken 
from ORNL report (Ref. 4-10, Table 5.4, 
p. 96). Values are for 1-131 release 
during 2-hour anneals. Particles used 
were mechanically cracked pyrolytic 
carbon coated UC„. 
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Fig. 4-5. Temperature dependence of release rate coefficients for iodine 
release from failed TRISO particles (i.e., failed particles with 
UC2 kernels) 
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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, In 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 iodine 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 U0„ and UC„ 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 UC„ 

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 

vieî joint 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 75% 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 25% and 54% FIMA for UC„ particles (and also in the range 

between 0 and 30% FIMA for U0„ 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 6% FIMA for (Th,U)0„ par

ticles. The CEA experiments were performed on GA particles which were 

laser-drilled to simulate failure. The particles with about 6% FIMA had 

been irradiated in capsule test SSL-1 with a neutron flux of 7.4 x 10 
2 

n/m '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 

4-4, 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)C„ 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. 
(°C) 

1600 

1600 

1100 

1300 

1100 

1300 

1340 

1700 

1700 

1700 

1000 

1200 

^rel 

<1.4 X 10~^ 

<5.8 X 10 

<3.2 X 10~^ 

<7.5 X 10~^ 

<1.0 X 10"''̂  

<1.0 X 10~^ 

2.1 X 10"'̂  

3.0 X 10""̂  
-4 

3.3 X 10 

1.2 X 10~^ 

6.0 X 10~^ 

2.3 X 10~^ 

Percent 
FIMA 

24. 

24. 

8.5 

8.5 

%0 

%o 
24. 

^0 

%0 

^0 

'\>0 

'X/O 

Time 
(h) 

2.5 

2.5 

15.0<b> 

14.9 

15.0 

15.0 

6.0 

(c) 

(c) 

(c) 

(c) 

(c) 

R 

<5.6 X 

<2.3 X 

<3.4 X 

<7.5 X 

< 1.0 X 

< 1.0 X 

2.1 X 

3.0 X 

3.3 X 

1.2 X 

6.0 X 

2.3 X 

10-^ 

10-^ 

10-^ 

10-^ 

10-^ 

10-^ 

10-^ 

10-3 

10-^ 

10-^ 

10-^ 

10-6 

Data Source 

Ref. 4-14; 
pp. 136-138 

Ref. 4-15; 
pp. 4-5 

Ref. 4-16; 
Table 6b, 
p. 34 

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. 

(c) 
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 

"FAILED" (UNCOATED) PARTICLES OF (Th,U)C (a) 

Temp. 
(°c) 

2000 
2000 
1800 
1800 
1600 
1600 
1400 
1400 

Frel 

0.44 
0.30 
0.25 
0.14 
0.09 
0.09 
0.033 
0.0095 

R 

0.58 
0.36 
0.29 
0.15 
0.094 
0.094 
0.033 
0.0095 

Data Source 

Ref. 4-16; 
Fig. 6, 
p. 14 

All data are for 0,0% 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 relation 

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 10 /T (K) = 6.5.] Iodine 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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I 

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 F .in Table 4-6 
rel 

are treated in an effectively conservative manner by assuming these values 

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

data from 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 
-5 4 

drawn so as to pass through the point R = 2.2 x 10 at 10 /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 

CO 

1600 
1600 
1100 
1300 

1400 
1400 
1400 
1400 
1400 
1400 

1700 
1400 
1200 
1000 

1400 

Frel 

<6.2 X 10-5 
<5.6 X 10-5 
<1.7 X 10-5 
<4.4 X 10-5 

1.1 X 10-5 
6.4 X 10-6 
7.4 X 10-6 
1.3 X 10-5 
5.2 X 10-5 
2.4 X 10-5 

<1.7 X 10-7(b) 
<2.7 X 10-7 
<2.2 X 10-7 
<1.8 X 10-7 

3.2 X 10-7 

Percent 
FIMA 

24.0 
24.0 
8.5 
8.5 

(a) 
(a) 
(a) 
(a) 
(a) 
(a) 

%0 
%0 
^0 
'vo 

t 
(h) 

2.5 
2.5 
15.0 
14.9 

5 
5 
5 
5 
5 
5 

65 
65 
20 
15 

5 

Coating 

HTI 
HTI 
HTI 
HTI 

(a) 
(a) 
(a) 
(a) 
(a) 
(a) 

LTI 
LTI 
LTI 
LTI 

LTI 

R 

6.2 X 
5.6 X 
1.7 X 
4.4 X 

1.1 X 
6.4 X 
7.4 X 
1.3 X 
5.2 X 
2.4 X 

10-5 
10-5 
10-5 
10-5 

10-5 
10-6 
10-6 
10-5 
10-5 
10-5 

Data Source 

Ref. 4-14; 
pp. 136-138, 
BISO particles 

Ref. 4-18; 
p. 140, 
TRISO particles 

Ref. 4-16; 
Table 6, 
p. 34, 
BISO particles 

Ref. 4-19; 
Table V.11, 
p. 217, 
BISO particles 

Data not given in Ref. 4-18. 

Note that the very low release data are not used (see text). 
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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 

4-35 



10' 

lOO 

in-

o 10-' 

10--

10-' 

CURVE 
1 - ESTIMATED (SEE TEXT) 
2 - EARLY ESTIMATE (SAME 

AS CURVE 8 IN FIG. 4-3) 

10% (K) 

Fig. 4-10. Comparison of mean curves for krypton release from failed 
particles 

4-36 



TABLE 4-7 
RELEASE RATE COEFFICIENTS (R) FOR KRYPTON 

RELEASE FROM INTACT PARTICLES 

Temp 
(°C) 

1440 
1600 
1370 
1700 
1370 
1660 
1800 
1370 
1660 
2000 
1370 
1370 
1520 
1370 
1700 
2000 
1370 
1700 
2000 

^rel 

3.0 X 10-6 
6.0 X 10-6 
<1 X 10-6 
1.0 X 10-6 
4.0 X 10-6 
<1 X 10-6 
<1 X 10-6 
<1 X 10-6 
<1 X 10-6 
4.5 X 10-^ 
2.0 X 10-6 
4.2 X 10-"̂  
1.1 X 10-'̂  
9.0 X 10-6 
1.1 X 10-^ 
1.6 X 10"^ 
2.5 X 10-5 
1.8 X 10-5 
2.2 X 10-5 

^(a) 

= Frel 

Data Source 

Ref. 4-21 

F _ = 1 - e ^ Rt = R, for t = 1 h. 
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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 4-8, 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 ThO„ 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(a) 

Temp. 
(°C) 

1000 
1200 
1400 
1000 
1200 
1400 

1000 
1200 
1400 

Frel 

9.0 X 10-4 
2.5 X 10-2 
1.8 X 10-1 
1.5 X 10-3 
2.0 X 10"2 
2.8 X 10-1 

3.0 X 10-3 
1.4 X 10-2 
5.5 X 10-3 

Percent 
FIMA 

0.5 

'\J1 

Particles 

(Th,U)C2 
with HTI 
coating 

Th02 BISO 
with LTI 
coating 

R 

9.0 X 10-4 
2.5 X 10-2 
2.0 X 10-1 
1.5 X 10-3 
2.0 X 10-2 
3.3 X 10"1 

3.0 X 10-3 
1.4 X 10-2 
5.5 X 10-3 

Data Source 

Peach Bottom 
element PI 3-05, 
100% failed 

FTE-2; laser-
drilled particles 

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. 
(°C) 

1370 
1700 
2000 
1100 
1250 
1500 
2000 
1100 
1250 
1500 
1750 

Frel 

3 X 10"'̂  
4 X 10-^ 
2 X 10-3 

2.8 X 10-5 
5.5 X 10-5 
1.2 X 10 ̂  
•\'l X 10"2 
2.2 X 10-5 
4.9 X 10-5 
1.2 X 10-4 
2.3 X 10"^ 

Percent 
FIMA 

'VO 
o-O 
'VQ 

8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 

R 
1 

3 X 10-'̂  
4 X 10"'̂  
2 X 10-3 

2.8 X 10-5 
5.5 X 10-5 
1.2 X 10"^ 
'̂'2 X 10-2 
2.2 X 10-5 
4.9 X 10-5 
1.2 X 10-^ 
2.3 X 10"'̂  

Data Source 

Ref. 4-21; 
p. 104 

Ref. 4-23; 
pp. 104, 106 
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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 increased by factors derived from the square root of 

the ratio of diffusion coefficients for LTI to HTI pyrocarbon coatings as 
4 

determined from Ref. 4-25. At 10 /T (K) = 4.0, the factor is determined to 
4 

be 14.6 and at 10 /T (K) = 6.0, the factor is 4,1. The new mean curve for 

cesium release from LTI coated particles is shoxm 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 associated 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 95% 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 4% 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 Th02 kernels. However, this 

discrepancy is relatively unimportant because the release of strontium is 

controlled by diffusion through the pyrocarbon at temperatures above 

HOCC. 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. 
(°C) 

1300 
1400 
1750 

1250 

1100 
1300 
1100 
1300 

1400 

1100 
1250 
1500 
2000 

1370 
1700 
2000 

7.4 
2.9 
4.6 

9.0 

4.0 
5.6 
2.6 
2.2 

3.5 

2.0 
3.5 
3.6 
4.0 

7.0 
1.1 
3.8 

Frel 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10"^ 
10-2 
10-1 

10-2 

10-3 
10-1 
10-3 
10-1 

10-3(d) 

10-3 
10-2 
10-1 
10-1 

10"3 
10"1 
10-1 

Percent 
FIMA 

4.0 
4.0 
4.0 

7.5 

24.0 
24.0 
24.0 
24.0 

0 

8.5 
8.5 
8.5 
8.5 

'̂ vO 

^0 
^0 

Kernel and 
Coating 

(Th,U)C2 
HTI 

UC2(^^ 

(Th,U)C2 
HTI 

Carbide 
LTI 

(Th,U)C2 
HTI 

(Th,U)C2 
? 

R 

7.4 X 10-'̂  
2.9 X 10-2 
6.2 X 10~1 

9.4 X 10"2 

4.0 X 10-3 
8.2 X 10-1 
2.6 X 10~3(b) 
2.5 X 10-1(c) 

3.5 X 10-3 

2.0 X 10-3 
3.6 X 10-2 
4.5 X 10-1 
5.1 X 10-1 

7.0 X 10-3 
1.2 X 10-1 
4.8 X 10"1 

Data Source 

Ref. 4-23; 
p. 112 

Ref. 4-27; 
p. Ill 

Ref. 4-14; 
Table 3.19, 
p. 137 

Ref. 4-19; 
Table V.11, 
p. 217 

Ref. 4-28; 
p. 105 

Ref. 4-21; 
p. 104 

(a) 
All coatings were intact except for this case in which the 

coating was mechanically failed. 
(b) 
(c) 

(d) 

1.5 h point treated as a 1 h point. 

Based on extrapolated value to obtain ^xel at 1 h. 

Average of four lots. 

4-46 



kernel diffusion. The assumption of pyrocarbon control of release at tem

peratures below 1400°C will result in overpredlctlng the release but not by 

a significant amount since the contribution to total release below H O C 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 20% FIMA. In the present 

case, where FIMA values of less than 7.5% 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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DATA FROM TABLE 4 

% FIMA REF. 

0 0 4-19 

4.0 O 4-23 

7.5 A 4-27 

24 D 4-14 

8.5 0 4-28 

~0 <3 4-21 

CURVE 

1 -LSSL FOR DATA IN TABLE 4-10 
2 -LSSL FROM EARLY ANALYSIS 

(SAME AS CURVE! BISO IN 
FIG. 4-2, SEE TEXT) 

•95% CONFIDENCE 
BOUNDS TO CURVE 1 

10''/T (K) 

Release rate coefficient - temperature curves for strontium 
release from BISO particles 
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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 8.2, 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 xd.thout 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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TABLE 4-11 
RELEASE RATE COEFFICIENTS (R) FOR STRONTIUM 

RELEASE FROM INTACT TRISO PARTICLES 

Temp. 
(°C) 

1400 
1600 
1800 

1400 
1600 

1400 
1600 
1800 
1400 
1600 
1800 

1400 
1600 
1800 

1400 
1600 
1800 
1800 
1600 
1800 
1800 
1800 

1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 

F /a) ^rel 

3.7 X 10-5 
2.8 X 10"^ 
7.7 X 10-4 

1.4 X 10-3 
3.5 X 10-3 

3.5 X 10"^ 
1.0 X 10-3 
1,8 X 10-2 
2.2 X 10-4 
1.6 X 10-3 
1.1 X 10-2 

2.3 X 10"^ 
4.5 X 10-5 
4.2 X 10"5 

3.5 X 10-5 
1.9 X 10-J 
3.8 X 10"'* 
5.4 X 10-5 
2.8 X 10 3 

9.6 X 10-2 
4.4 X 10-2 
1.6 X 10-2 

1.1 X 10"7 
2.4 X 10"'' 
1.9 X 10"5 
1.3 X 10~5 
1.9 X 10-6 
8.1 X 10 5 
3.3 X 10"6 
4.8 X 10"^ 
1.4 X 10"^ 
2.9 X 10"4 

Percent 
FIMA 

'x^O 
'VO 
M) 

0.0 
"^0 

'VO 
^0 
^0 
o-O 
'M) 
'^0 

'^0 
^0 
^0 

10.5 
10.5 
10.5 
13.2 
11.6 
11.6 
12.6 
13.2 

'VO 
^0 
'VO 
^0 
'vO 
'VO 

'VO 
'VO 
'VO 
'VO 

R 

3.7 X 10"5 
2.8 X 10-4 
7.7 X 10-"* 

1.4 X 10-3 
3,5 X 10"3 

3.5 X 10-6 
1.0 X 10-3 
1.8 X 10 
2.2 X 10-^ 
1.6 X 10-3 
1.1 X 10-2 

2.3 X 10-6 
4.5 X 10-5 
4.2 X 10~5 

3.5 X 10-5 
1.9 X 10-J 
3.8 X 10"^ 
5.4 X 10"5 
2.8 X 10-3 
1.0 X 10-1 
4.5 X 10 2 
1.6 X 10-2 

1.1 X 10-7 
2.4 X 10"^ 
1.9 X 10 
1.3 X 10"5 
1.9 X 10-6 
8.1 X 10 ^ 
3.3 X 10 
4.8 X 10"7 
1.4 X 10""̂  
2.9 X 10"^ 

Defective 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

Symbol 

O 
O 
o 

o 
o 
o 

o 
O O 
O 
• 

• 

A 
A 
A 
• 
A 
• 
A 
A 
• 
A 

Data 

Ref. 

Ref. 

Ref. 

Ref. 

Ref. 

Ref. 

Source 

4-31 

4-31 

4-31 

4-31 

4-31 

4-19 

Fractional release values at 1 h. 

4-50 



UJ 

CJ 

LU 
O 
o 
UJ 
I— < 
csz 

10-1 

10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

5; 

^ 

X 
— 

=x 
— 

-

— 

_ 

-

-

— 

: 

— 

r f— 
\ 3 
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X 2 ^ X 

DATA FR0MTABLE4-11 

% INNER 
SET REF. FIMA PyC 

1 O 4-31 0 NO 

2 A 4-19 0 YES 

3 0 4-31 10-13 NO 
4 ® 4-31 0 NO 

5 k 4-19 0 YES 

6 ^ 4-31 10-13 NO 

CURVE 2 IS THE SAME AS 
CURVE 1 TRISO IN FIG. 4-2 

N . ® 
\ . ® 

O 

0 

^ \ ^ ^ ^ ^ 

o 

N^^^^^ 

^ 

INTACT 

YES 

YES 

YES 

DEFECTIVE 

DEFECTIVE 

DEFECTIVE 

1 

CURVE 

1 

2 

3 
4 

® 

^ 

® 

4 

a 

^ 
o 

^ X 

A 

A 

A 

1 1 

104/T (K) 

Fig. 4-15. Release rate coefficient - temperature curves for strontium 
release from intact TRISO particles 
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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)C„ 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. 
(°c) 

1370 
1700 
2000 

1100 
1250 
1500 
2000 
1100 
1250 
1500 
1750 

1300 
1400 
1750 
2000 
1300 
1750 
2000 

Frel 

4.0 X 10-4 
5.0 X 10-3 
8.0 X 10-2 

1.5 X 10-4 
5.1 X 10-3 
2.4 X 10-2 
4.7 X 10-1 
8.0 X 10-5 
1,2 X 10-3 
2,2 X 10"3 
1,8 X 10"1 

(a) 
(a) 
(a) 
(a) 
(a) 
(a) 
(a) 

Percent 
FIMA 

'VO 
'VO 
'VO 

8,5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

R 

4.0 X 10-4 
5.0 X 10-3 
8.3 X 10"2 

1.5 X 10-^ 
5.1 X 10"3 
2.4 X 10"2 
6.3 X 10-1 
8.0 X 10 
1.2 X 10"3 
2.2 X 10 3 
2.0 X 10"1 

1.3 X 10-5 
1.6 X 10"^ 
3.5 X 10-3 
1.0 X 10 ' 
1.6 X 10-4 
8.5 X 10"3 
7.1 X 10-2 

Data Source 

Ref. 4-21; 
p. 104 

Ref. 23; 
pp. 105, 107 

Ref. 4-24; 
P. 62 

R values are presented in Ref. 4-24. 
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O 4-21 ~0 

D 4-24 4.0 

A 4-23 8.5 
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FIG. 4-2, SEE TEXT) 
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Fig. 4-16. 
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Release rate coefficient - temperature curves for cerium release 
from intact BISO particles 
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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 
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TABLE 4-13 
RELEASE RATE COEFFICIENTS (R) FOR BARIUM RELEASE 

FROM INTACT BISO PARTICLES 

Temp. 
(°C) 

1300 
1400 
1750 
2000 
1300 
1750 
2000 

1100 
1300 
1300 

1200 
1000 

1370 
1700 
2000 

1400 

Frel 

(b) 
(b) 
(b) 
(b) 
(b) 
(b) 
(b) 

<2 X 10"3 
1.6 X 10-1 
2.7 X 10 3 

5.0 X 10-5 
1.0 X 10-3 

4.0 X 10-3 
1.3 X 10-1 
3.0 X 10-1 

3.4 X 10"^ 

Percent 
FIMA 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

24.0 
24.0 
8.5 

'VO 
'VO 

'VO 
-vO 
'vO 

'VO 

Coating 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 
HTI 
HTI 

LTI 
LTI 

LTI 
LTI 

LTI 

R 

1.2 X 10"*̂  
3.5 X 10-3 
5.0 X 10-3 
1.4 X 10-1 
2.0 X 10"^ 
1.4 X 10-2 
8.5 X 10~ 

<2 X 10"J 
1.7 X 10"!! 
2.7 X 10 3 

5.0 X 10"5 
1.0 X 10"3 

4.0 X 10-3 
1.4 X 10"'' 
3.6 X 10-1 

3.4 X 10"'̂  

Data Source 

Ref. 4-24; 
p. 62 

Ref. 4-14; 
p. 137 

Ref. 4-16; 
p. 34 

Ref. 4-21; 
p. 104 

Ref. 4-19; 
p. 217 

Values for 1 h. 

R values are presented in Ref. 4-24, 
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DATA FROM TABLE 4-13 

o 
A 
V 

D 

0 
o 

REF. 

4-24 

4-14 

4-14 

4-16 

4-21 

4-19 

% 
FIMA 

4.0 

24.0 

8.5 

~0 

- 0 
~0 

LSSL AND 95% CONFIDENCE BOUNDS 
FOR DATA IN TABLE 4-13 (LSSL IS 
THE SAME AS 3 BISO IN FIG. 4-2) 

104/T (K) 

Fig. 4-17. Release rate coefficient - temperature curves for barium 
release from intact BISO particles 
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TABLE 4-14 
RELEASE RATE COEFFICIENTS (R) FOR BARIUM RELEASE 

FROM INTACT TRISO PARTICLES 

Temp. 
(°C) 

1400 
1600 
1800 
1400 
1600 
1400 
1600 
1800 
1400 
1600 
1800 
1400 
1600 
1800 
1400 
1600 
1800 
1600 
1800 
1400 
1600 
1800 
1800 
1800 

1400 
1400 
1400 
1400 
1400 

F /^> ^rel 

4.9 X 10"5 
7.3 X 10-5 
1.6 X 10-4 
1.9 X 10"^ 
4.1 X 10 3 
2.3 X 10~5 
2.0 X 10"^ 
6.4 X 10-3 
2.4 X 10-5 
8,8 X 10-5 
2.9 X 10-3 
2.2 X 10 ̂  
5.9 X 10 ̂  
2.0 X 10 5 
1.2 X 10-4 
1.3 X 10-5 
4.2 X 10 5 
1.5 X 10 ̂  
1.3 X 10-4 
1.9 X 10"5 
8.5 X 10 ̂  
9.2 X 10"2 
3.4 X 10~2 
1.7 X 10~2 

2.9 X 10-7 
9.9 X 10"^ 
2.0 X 10 ̂  
2,6 X lO"'' 
1.8 X 10""̂  

Percent 
FIMA 

•VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
'VO 
10.5 
10.5 
10.5 
13.2 
13.2 
11.6 
11.6 
11.5 
12.6 
13.2 

'VO 
'VO 
'VO 
-VO 
'VO 

R 

4.9 X 10"^ 
7,3 X 10-5 
1,6 X 10"^ 
1,9 X 10"^ 
4.1 X 10-3 
2.3 X 10"5 
2,0 X 10"4 
6.4 X 10-3 
2.4 X 10-5 
8.8 X 10-5 
2.9 X 10-3 
2.2 X 10-6 
5.9 X 10-6 
2.0 X 10-5 
1.2 X 10 ̂  
1.3 X 10"^ 
4.2 X 10-5 
1.5 X 10-4 
1.3 X 10"^ 
1.9 X 10-5 
8.5 X 10 '̂  
9.7 X 10"2 
3.5 X 10-2 
1.7 X 10-2 

2.9 X 10-7 
9.9 X 10"'̂  
2.0 X 10-6 
2.6 X 10-7 
1.8 X 10-'̂  

Defective 

X 

X 
X 

X 

X 

X 
X 

X 

X 

X 
X 
X 
X 

X 

X 

X 

Symbol 

O 
O 
O 

O 
O 
O 

o-
O 
O 
O 
o 
# 
# 
# 
# 
# 

A 
A 
A 
A 

A 

Data Source 

Ref. 4-31 

Ref. 4-19 

Fractional release values at 1 h. 
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Fig, 4-18, Release rate coefficient - temperature curves for barium 
release from TRISO particles 
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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, y, 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 

loĝ gR - A - B [loV (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 

Sp - e^ , (4-3) 

where S is the standard deviation in log R (the natural logarithm of R), 

The standard deviation factors are given in Table 4-16. To derive 95% 

confidence limits, the following equations are used: 

Upper limit 

R = R . e^-^^^^ (4-4) 
u 
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TABLE 4-15 
PARAMETERS IN THE EQUATION FOR RELEASE RATE COEFFICIENTS AS A FUNCTION OF TEMPERATURE 

log^Q R = A + B[10^/T(K)] 

Group "̂ ^̂  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Element(s) 

Sr 

Cs,Rb 

Ba,Sm,Eu 

Ce 

Xe 

Kr 

Zr,Nb,Mo,Tc 

Pm,Nd,Pr,Y,Pd,Sn,La 

Ru,Rh 

Se,Br,Te,Sb,I 

Intact BISO 
A 

1.55^^^ 

2.81 

2,28 

5.21 

-1,95 

-1.951 

0.851 

-1.951 

-1.951 

-0.951 

B 

-0.52/^> 

-1.01 

-0.782 

-1.242 

-0.452 

-0.452 

-1.134 

-0.452 

-0.452 

-0.452 

Intact 
A 

0.851 

2.81 

-2.03 

0.851 

-1.95 

-1.951 

0.851 

0.851 

0.851 

-0,951 

TRISO 
B 

-1,134 

-1,01 

-0.625 

-1.134 

-0.452 

-0.452 

-1.134 

-1.134 

-1.134 

-0.452 

Failed BISO^^^ 
A 

2.23^^> 

6.19 

3.19 

6.12 

3.28 

3.18 

6.12 

6.12 

6.12 

3.366 

B 

-0.52l('i> 

-1.15 

-0.782 

-1.242 

-0.856 

-0.768 

-1.242 

-1.242 

-1.242 

-0.796 

Failed 
A 

2.23(^> 

6.19 

3.19 

6.12 

3.28 

3.18 

6.12 

6.12 

6.12 

0.8736 

TRISO^^) 
B 

-0.521'̂ '̂ ^ 

-1.15 

-0.782 

-1.242 

-0.856 

-0.768 

-1.242 

-1.242 

-1.242 

-0.599 

(a) 

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

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 Th02 kernels and failed fissile 
particles with TRISO coatings and dense UC2 kernels). Except for group 10, the parameters for 
each group are the same for failed BISO and failed TRISO. 

(c) 
Current values are A = 4.23, B = -0.937. 

^ ^Current values are A = 5.14, B = -0.937. 



I 

K5 

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

S = e ; S = standard deviation in logg R 
(a) 

Group(b) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Element(s) 

Sr 

Cs,Rb 

Ba,Sm,Eu 

Ce 

Xe 

Kr 

Zr,Nb,Mo,Tc 

Pin,Nd,Pr,Y,Pd,Sn,La 

Ru,Rh 

Se,Br,Te,Sb,I 

SF 

Intact BISO 

5.4 

3.0 

5.4 

10.0 

4.7 

4.7 

10.0 

4.7 

4.7 

4.7 
> 

Intact TRISO 

10.0 

3.0 

10.0 

10.0 

4.7 

4.7 

10.0 

10.0 

10.0 

4.7 

Failed BISo('=) 

5.4 

2.0 

10.0 

10.0 

4.1^^) 

4.l('^> 

10.0 

10.0 

10.0 

1.7 

Failed TRISO'^c) 

5.4 

2.0 

10.0 

10.0 

4 . 1 ^ 

4.1(<̂ ) 

10.0 

10.0 

10.0 

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. 
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 Th02 kernels and failed fissile 
particles with TRISO coatings and dense UC2 kernels). Except for group 10, the factors for each 
group are the same for failed BISO and failed TRISO. 

The values are slightly larger than reported in Ref. 4-9. 



Lower limit 

-1.645S ,, .. 

R = R • e . (4-5) 

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 ThC^ 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. In this test the internal pressure of hydrolyzing ThG„ 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 ThC™ and UC^ 

utilizes both thermogravimetry and gas analysis techniques. In 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 UC^ 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 900I 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 radlolysis-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 27% in July 1976. For example, the steady-state con

centration of oxidizing impurities (GO + C0„ + H„0) 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 27% 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 H„0 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 H^O inleakage rate 

was set such that the total oxygen content (Ĥ O + CO + 200^) 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 H„ > total 0). Therefore, in these calculations the hydrogen 

purification rate was adjusted such that at steady state the H^ added to 

the coolant would equal the H„ removed in the purifier: 

Leak rate of H^O = purification of all hydrogen species 

= P,F.[H20] + 2P.F,[CH^] + P.F. ĵ̂  -^[^2^ (4-6) 
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Lk H O - P.F.[H 0] - 2P.F.[CH,] 
pi? L ± z_ 

" '(Hp [H2] 

P.F.. V = computed purification factor of H„ 

T> -c. ic- ^t c ^ £ TT rt ,-71 purification flow 
P.F. = purification factor of H„0, CH, = -—= -. 

2 4 coolant inventory 

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 28% 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 H„0 with carbon. How

ever, at the temperatures of these tests, the contribution from this 

reaction is significant only at the 28% 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 + 

H2O -̂  CO2 + H2) and the carbon dioxide - graphite reaction (CO2 + C •> 2C0), 

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

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 H2O with C yields both CO and CO2. 

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 28% power. At this power level. 
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TABLE 4-17 
MEASURED AND CALCULATED GAS COMPOSITIONS DURING FORT ST. VRAIN STARTUP 

1 
OS 

H2O, ppm 

CO, ppm 

CO2, ppm 

H2, ppm 

CH^, ppm 

Outlet 
temperature, 
°C 

H2O leak 
rate, Ib/h 

H2/H2O 
purification 
rate(a) 

2% 
GOP 

32 

0.0002 

0.4 

14 

0.1 

240 

0.09 

0.05 

Power 
Measured 

30 

0.2 

0.7 

22 

0.3 

240 

— 

7.5̂  
GOP 

53 

0.008 

2.4 

21 

0.5 

330 

0.17 

0.18 

Power 
Measured 

50 

1 

3 

25 

1.2 

330 

— 

11.4% Power 
GOP 

36 

0.01 

2.1 

22 

1.0 

390 

0.12 

0.11 

Measured 

34 

1.5 

2.5 

33 

2 

390 

— 

19.5% Power 
GOP 

98 

0.1 

8.2 

68 

5.1 

450 

0.45 

0.09 

Measured 

100 

2 

6 

80 

3.5 

450 

— 

27% 
GOP 

77 

0.3 

9.6 

37 

2.9 

500 

0.04 

0.37 

Power 
Measured 

80 

3 

7 

30 

3 

500 

— 

28% 
GOP 

4,4 

0.2 

0.5 

3.1 

0.3 

610 

0.025 

0.18 

Power 
Measured 

2.7 

1 .7 

0.6 

10.5 

0.5 

Ratio of H2 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 C0„ 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: FUEL PRODUCT SPECIFICATION 

The Th02 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 TRISO fissile particles in the 

1300°C cell. These results coupled with those of P13R and P13S 

capsules indicates that an OPyC surface porosity on the order of 

32 y£/g PyC or less will be needed to minimize OPyC-matrix 

interactions. 
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3, With OPyC failure as high as as 70%, only 3% of the SiC coating 
25 2 

failed at a fluence of 3,5 x 10 n/m . In the BISO Th02 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 1% up to maximum exposure conditions 

[8 X 10^^ n/m^ (E > 29 fJ)„„^„ and 1300''C]. 

4, The P13T dosimetry analysis was completed and indicates that the 

fast and thermal finances were approximately 11% less than the 

capsule design values, resulting in a maximum fast neutron expo

sure of 8 X 10^^ n/m^ (E > 29 fJ). 

5. 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, 

6. 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. 

7. 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 HT-33 were completed. 

The results were as follows: 

1, No pressure vessel failure was observed in the TRISO Th02 par

ticles irradiated at 1200°C, but high failure was observed in the 

1500*0 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 Th0„ particles 

at both 1200° and 1500°C. The outer coating anisotropy (BAF ) 

appears to have a strong effect. At a BAF 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 LHTGR fuel 

irradiation tests conducted under the HTGR Fuels and Core Development Pro

gram, P13T is a large-diameter capsule containing two cells. Cell 1 is a 

qualification test of reference fresh fuel [TRISO UC2 (VSM) and BISO Th02 

particles] irradiated at 1300°C, Cell 2 is an evaluation test of reference 

fresh fuel and recycle fissile fuel [TRISO UC 0 (WAR) particles] irradi-
x y 

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 10^5 n/m^ (E > 29 fJ)„^^„. A 

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: 

% AD/D = 1/3 T] X. (% AV/V )i , (9-1) 
O &»»« ]L O 

i 
where % AD/D = percent diameter change of the fuel rod, 

% AV/V = percent volume change of the i particle type, 
th 

X. = particle volume fraction of the i 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 = t^ - tĵ  , (9-2) 

where At = % strain anisotropy, 

t. = % axial strain (100 x A£/£), 

t„ = % 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 95% confidence bounds on the mean diametral and axial strains are 
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typically ±0.4% (absolute) and ±2,5% 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 70.4%) 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. 

2. The maximum fission product attack observed in SiC layers in 

TRISO coated VSM UC2 particles tested at a peak fuel rod design 

temperature of 1300°C was 4 to 5 ym. 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. 

3. WAR particles (U«C„ qo'^n f,h) tested at a peak fuel rod design 

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 UC„ particles tested under 

comparable conditions. However, a fine dispersoid (̂̂ 2̂ to 3 ym in 
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TABLE 9-1 
SUMMARY OF P13T METALLOGRAPHIC RESULTS ON TRISO COATED FISSILE AND INERT PARTICLES 

Particle Batch 
Data Retrieval 

Number 
Capsule 
Position 

Irradiation Conditions 

Nominal Peak 
Fuel Rod 

Design Temp. 
C'c) 

Fast Fluence 
C1025 n/m2) 

(E > 29 fJ)„^^ 

Results of Metallographic Examination 

No. of 
Particles 
Examined 

Cracked 
Or Consumed 
Buffer's) 

m 

IPyC 
Debonded 
From Sic 

C%) 

IPyC 
Failed 
(%) 

IPyC 
Coating 

Reaction'-l') 
(%) 

SiC 
Coating 

Reaction''"=) 
(%) 

Sic 
Failure 
(%) 

SiC+ 
OPyC 
Failure 

(%) 
TearW) 
(%) 

OPyC 
Failure 
(%) 

OPyC 
Tear And 
Failure 

m 

6151-12-015 

6151-12-015 

6151-17-025 

6151-17-025 

6151-17-025 

1B4 

4A1 

ICl 

1C4 

2A1 

1300 

1100 

1300 

1300 

1100 

7.7 

4.6 

3.5 

7.7 

8.0 

102 

96 

98 

91 

170 

Triso 

1.0 

1.0 

0 

0 

6.5 

Coated VSM UC, Particles 

14.7 

2.0 

38.8 

14.3 

21.2 

1.0 

0 

1.0 

1.1 

0 

100 

86.5 

100 

97.8 

48.8 

46.1 

0 

23.5 

40.7 

0 

0 

0 

3.1 

1.1 

0 

0 

0 

3.1 

1.1 

0 

0 

0 

3.1 

19.8 

0 

3.9 

2.1 

70.4 

54.9 

0 

0 

0 

3.1 

18.7 

0 

0 

ND<f> 

1.0 

4.4 

ND 

6157-02-015 2C1 

2C2 

4C1 

4C4 

1100 

1100 

1100 

1100 

8.0 • 

7.6 

4.6 

3.0 

106 

150 

77 

116 

Triso Coated War U-C 

60.4 

56.7 

29.9 

53.4 

0 

0 

0 

1.7 

2.92"°0. 

0 

0 

0 

0 

,. Particles 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2.6 

0 

0 

0 

0 

0.9 

0 

0 

2.6 

0 

0 

0 

, 2.6 

0 

0 

0 

0.9 

ND 

ND 

0 

6.9 

6351-01-020 1B4 

101 

1C4 

2A1 

2C1 

2C2 

4A1 

4C1 

1300 

1300 

1300 

1100 

1100 

1100 

1100 

1100 

7.7 

3.5 

7.7 

8.0 

8.0 

7.6 

4.6 

4.6 

69 

63 

132 

157 

143 

128 

58 

56 

Triso Coated Inert 

ND ND 

Particles 

ND 

\ 

ND 

i 

ND 

t 

ND ND 0 

0 

3.0 

ND 

ND 

ND 

ND 

ND 

30.4 

58.7 

47.0 

0.6 

0 

0 

0 

0 

0 

0 

0.8 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

"^Buffer layers in VSM UC particles are characterized as either cracked or not; however, buffer layers in WAR U"C„ a'^r, £ particles are characterized as consumed when >50% of the 
buffer layer reacts with the kernel. 

Cb) 

(c) 

(d) 

(e) 

<f) 

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

Particles which exhibited metallic fission product attack of the SiC layer up to 5 Mm penetration; attack of <} pm was not observable. 

Classed as any degradation of OPyC layer other than failure. 

Generally defined as particles with an aspect ratio_>2:1. 

ND = not determined. 



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

Particle Batch 
Data Retrieval 

Number 

6542-27-015 

65A2-27-015 

6542-27-015 

6542-27-015 

6542-29-015 

6542-31-015 

6542-32-015 

6542-33-025 

6542-35-015 

Capsule 
Position 

1C1 

1C4 

2A1 

201 

4C4 

4C1 

1B4 

2C2 

4A1 

Irradiation Conditions 

Nominal Peak 
Full Rod Design Temp. 

CC) 

1300 

1300 

1100 

1100 

1100 

1100 

1300 

1100 

1100 

Fast Fluence 
(1025 „/m2) 

(E > 29 f J)irrGR 

3.5 

7.7 

8.0 

8.0 

3.0 

4.6 

7.7 

7.6 

4.6 

Results of Metallographic Examination 

No. of 
Particles 
Examined 

156 

156 

268 

116 

144 

266 

167 

371 

265 

Cracked 
Kernel 

m 
1.3 

0.6 

8.5 

6.0 

0 

0.8 

0 

3.2 

1.5 

Cracked 
Buffer 
(%) 

0 

0 

0.7 

0.9 

1.4 

0 

0 

1.1 

0.4 

Buffer 
Debonded 
From OPyC 

(%) 

5.8 

2.6 

27.6 

15.5 

22.2 

26.7 

0 

22.6 

16.2 

OPyC 
Tear(a) 
(%) 

0 

0.6 

0 

0.9 

0 

0 

0.6 

0 

0 

OPyC 
Failure 
(%) 

0 

0 

0 

0 

0 

0 

0.6 

0.8 

0 

OPyC 
Tear and 
Failure 

m 
0 

0 

0 

0 

0 

0 

0.6 

0 

0 

Severely 
Faceted 

Particle(^5 
(%) 

1.9 

0.6 

' ND 

ND 

ND 

0 

0.3 

1.9 

Classed as any degradation of OPyC layer other than complete failure. 

Generally defined as particles with an aspect ratio .2.2:1, 

ND = not determined. 
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Fig. 9-5. Metallographic cross section of VSM fissile particle (batch 
6151-17-025) in fuel rod 1C1. Depicts OPyC failure and 
fission product concentration for an exposure of 1300°C and 
3.5 X 10^5 n/in2 (g > 29 fj) 
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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/m2 (E > 29 fJ)„^^^ 
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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 

U»C„ Qn'0„ ,, fissile particles tested at a nominal temperature 

of 1100°C and to a fluence of 7.6 x 10 ̂  n/m (E > 29 fj)^^^^. 

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 
25 2 

fuel rod temperature of 1300°C and a fluence of 7.7 x 10 n/m 

(E > 29 fJ)^^^^ (see Fig, 9-9). 

2. OPyC failure in batch 6542-33-025 was 0,8%. This batch had a 

mean OPyC thickness of 66 ym with a standard deviation of 7 ym. 

If it is assumed that all failure occurred in the thin coating 

portion of the thickness distributionj the failure implies a 

critical limit of 49 ym. 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 ym and the critical limit is 

46 ym. 

OPyC Failure on TRISQ 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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Fig. 9-7. Metallographic cross section depicting morphology of WAR kernels 
(U-C2.9-00.6) in fuel rod 2C2 (batch 6157-02-015); nominally 1100°C 
and 7.6 x 1025 n/m^ (E > 29 fJ)„„™ 
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Fig. 9-8. Metallographic cross section depicting fission product 
distribution in WAR fissile particle (U'C2.9'Oo.6) located 
in fuel rod 2C2 (batch 6157-02-015); nominally ilOO°C and 
7.6 x 1025 n/m^ (E > 29 fJ) 

HTGR 
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Fig. 9-9. Metallographic cross section of BISO coated fertile particle 
in fuel rod 1C4 (batch 6542-27-015); 1300°C and 7.7 x 10^^ n/m 
(E > 29 fJ)^^^^ 
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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 PI 38 had OPyC microporosity* 

values of <32 yJl/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 

terms 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 y£/g OPyC and one batch had a micro

porosity of 43 y£/g OPyC. The outer OPyC region ('\̂5 to 10 ym) 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 yil/g OPyC will provide satisfactory performance. 

^Measured by Eg intrusion at 'x.0.069 MPa (10 psi). 
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Fig. 9-10. Metallographic cross section of fuel rod 1C4 (batch 6151-17-025); 
1300°C and 7.7 x 1025 n/m^ (E > 29 fJ)HTGR- Depicts localized 
tearing and OPyC failure in TRISO fissile particle. 
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Fig. 9-11. Metallographic cross section of fuel rod 4C4 (batch 6157-02-015); 
1100°C and 3.0 x 10^5 n/m^ (E > 29 fJ)HTGR- Depicts torn OPyC 
layer on TRISO coated U'C- Q«*OO.64 kernel. 
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Fig. 9-12. Metallographic cross section of fuel rod 1C4 (batch 6351-01-020); 
1300°C and 7.7 x 10^5 n/m^ (E > 29 fJ)HTGR- Depicts localized 
interaction between BISO particle (batch 6542-27-015) and TRISO 
inert particle. 
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MP74Q24-6 (Hot currently determined) 
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MP7406 (58 lai/g OPyC) 

(b) 

MP74O73-10 (58 pJl/g OPyC) MP74068-10 (43 ]il/s OPyC) 

(c) (d) 

Fig, 9-13. 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. 

9-22 



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% 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; 

f(x) » a + bx + cx^ + 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 

Thermal flux 

Thermal fluence 

Fast flux 
(E > 29 f J)jj^^^ 

Fast fluence 
(E > 29 fJ)^^^^ 

a 

0.60 

1.88 

0.75 

2.36 

b 

0.26 

0.81 

0.46 

1.45 

c 

-0.018 

-0.056 

-0.034 

-0.108 

d 

2.70 X 10"'̂  

8.48 X lO""̂  

6.34 X 10"^ 

1.99 X 10~^ 
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TABLE 9-4 
P13T FUEL ROD FAST AND THERMAL FLUXES AND FLUENCES 

Rod No. 

1-1 

1-2 

1-3 

1-4 

2-1 

2-2 

3-1 

3-2 

4-1 

4-2 

4-3 

4-4 

Distance 
from 
Bottom 
of Core 
(cm) 

2.03 

5.08 

9.65 

15.75 

25.37 

30.38 

37.06 

42.06 

47.75 

50.80 

53.85 

56.90 

Thermal 

Flux 
(x 1019 n/m2-s) 

0.8 

1.05 

1.34 

1.58 

1.66 

1.59 

1.39 

1.19 

0.92 

0.76 

0.60 

0.43 

Fluence 
(x 1025 n/m2) 

2,49 

3.28 

4.19 

4.95 

5.22 

4.99 

4.39 

3.76 

2.91 

2.42 

1.92 

1.41 

Fast 
(E > 29 fJ)HTGR 

Flux 
(x 10l9 n/m2-s) 

1.10 

1,54 

2.04 

2.44 

2.57 

2.44 

2.14 

1.85 

1.50 

1.32 

1.14 

0.99 

Fluence 
(x 1025 n/m2) 

3.45 

4.84 

6.42 

7.67 

8.04 

7.64 

6.69 

5.77 

4.64 

4.05 

3.49 

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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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 IB 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 

Fuel 
Rod No. 

1A1 

1B1 

1C1 

1A2 

1B2 

1C2 

1A3 

1B3 

1C3 

1A4 

1B4 

1C4 

2A1 

2B1 

2C1 

2A2 

2B2 

2C2 

3B1 

3B2 

4A1 

4B1 

4C1 

4A2 

Fuels Chemistry Branch 
Identification No. 

7298-138 

7299-12 

7299-37 

7298-139 

7299-13 

7299-38 

7298-140 

7299-10 

7299-16 

7298-141 

7299-11 

7299-17 

7298-143 

7299-35 

7298-149 

7298-144 

7299-36 

7298-150 

7299-39 

7299-40 

7298-145 

7299-31 

7298-151 

7298-146 

Equivalent 
U-235 Loading 

(mg) 

123.1 

121.9 

123.1 

94.5 

95.2 

95.2 

159.0 

159.7 

158.9 

146.1 

146.5 

146.6 

87.1 

85.7 

86.9 

97.2 

95.5 

93.1 

106.9 

133.5 

112.6 

112.1 

112.7 

113.6 

Kr-85m R/B 
at IIOO'C 

2.44 X 10"^ 

6.25 X 10"^ 

1.01 X 10"^ 
_ 5.70 X 10" 

6.29 X 10" 

5.24 X 10" 

1.46 X 10"^ 

1.90 X 10"^ 

5.79 X 10"^ 

3.99 X 10"^ 

1.05 X 10"'* 

5.21 X 10"^ 

9.68 X 10"^ 

5.08 X 10"^ 

2.22 X 10"^ 

1.58 X 10"^ 

2.33 X 10"^ 

3.66 X 10"^ 

7.11 X 10"^ 

4.02 X 10"^ 

6.03 X 10"^ 

4.99 X lO"^ 

8.42 X 10"^ 

3.55 X 10"^ 
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TABLE 9-5 (Continued) 

Fuel 
Rod No. 

4B2 

4C2 

4A3 

4B3 

4C3 

4A4 

4B4 

4C4 

Fuels Chemistry Branch 
Identification No. 

7299-32 

7298-152 

7299-23 

7299-25 

7299-33 

7299-24 

7299-26 

7299-34 

Equivalent 
U-235 Loading 

(mg) 

112.4 

114.5 

147.2 

145.8 

145.9 

196.9 

196.8 

192.7 

Kr-85m R/B 
at 1100°C 

3,65 X 10"^ 

8.91 X 10"^ 

5.57 X 10"^ 

1.44 X 10"^ 

1.85 X 10"^ 

6.37 X 10"^ 

4.08 X lO"'' 

5.15 X 10"'' 
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TABLE 9-6 
R/B TEMPERATURE DEPENDENCE FOR P13T CELL 1 FUEL RODS 

Number 

1B1 

1B2 

1B3 

1B4 

F u e l Chem. 
Branch I d e n t . 

Number 

7299-2 

7299-4 

7299-12 

7299-3 

7299-5 

7299-13 

7299-6 

7299-8 

7299-10 

7299-7 

7299-9 

7299-11 

Da te 

1 0 / 2 8 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 9 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 9 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 9 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 8 / 7 6 

1 0 / 2 9 / 7 6 

Time 

0918 

1109 

1101 

0918 

1109 

1101 

1317 

1507 

0923 

1317 

1507 

0923 

Temp. 
(°C) 

RT 

1100 

1100 

RT 

1100 

1100 

1100 a v g . 

1100 

RT 

1100 

1100 a v g . 

1100 

RT 

1100 

1100 a v g . 

E q u i v . U-235 
Load ing 

(mg) 

121 .9 

95 .2 

159.7 

146 .5 

Kr-85m 
R/B 

<io-^ 

6 . 2 5 X 10"^ 

3 . 3 3 X 10"^ 

<io-^ 

6 .99 X 10~^ 

5 .58 X 10"^ 

6 .29 X 10"^ 

2 . 3 2 X 10"^ 

<10~'' 

1.47 X 10~5 

1.90 X 10'"^ 

1.19 X 10"'^ 

9 .18 X 10"^ 

9 .05 X 10"^ 

1.05 X 10-^ 
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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 postirradlation 

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

dlation 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 postirradlation 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~ . 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 postirradlation 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 postirradlation 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 

Cell 
Number 

1 

2 

Body 
Number 

1 

1 

3 

,4 

In-Pile 
at Cell Temp. 

1.6 X 10"^ 

2.8 X 10-^^^^ 

— 

Kr-85m R/B 

TRIGA . 
at 1100°C^^'' 

-5(b) 
7.1 X 10 ^ 

2.2 X 10"^ 

1.3 X 10"^ 

4.4 X 10"^ 

Individual Rod 
Average at 1100°C 

3.3 X 10"^ 

3.5 X 10'^ 
-5(d) 

5.6 X 10 
7.0 X 10"^ 

(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, 

The release from cell 2 was a composite of bodies 2, 3, 

Average of two rods out of a total of six rods in the body. 
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TABLE 9-8 
COMPARISON BETWEEN FINAL IN-PILE AND CRUCIBLE TRIGA R/B MEASUREMENTS 

Cell 
Number 

1 

2 

Final In-Pile 
Kr-85m R/B 

1.6 X 10"^ 

2.8 . 10-^'" 

Estimated 
Final In-Pile 
Volume-Average 
Cell Temp. 

(°c) 

.,23o(a) 

1080^^^ 

Crucible Kr-85m R/B 
at Same Temp. 

11.6 X 10~5 

9.7 X 10-^^^^ 

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

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

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 

Fuel Rod 
Column No, 

1A 

IB 

1C 

2A 

2B 

2C 

3B 

4A 

4B 

4C 

Graphite 
Type 

H-451 

r 

TS-1240 
s 

r 

H-451 

TS-1240 

f 

Matrix 
Type(a) 

1 

2 

3 

1 

1 

1 

2 

3 

3 

3 

Pre-
Irrad, 
Fired 
Radial 
Gap 
(mm) 

0,043 

0.039 

0.036 

0.042 

0.046 

0.051 

0.042 

0.045 

0.061 

0.043 

Pre-
Irrad. 
Shear 
Stress 
(kPa) 

122.7 

108.2 

34.5 

90.1 

45.5 

81.4 

90.3 

29.6 

29.6 

29.6 

Post-
Irrad, 
Radial 
Gap 
(mm) 

0,099 

0.104 

0,102 

0.137 

0.097 

0.137 

0.097 

0.218 

0.241 

0.211 

Post-
Irrad. 
Shear 
Stress 
(kPa) 

76.5 

60,7 

55.2 

9.0 

4.8 

4.8 

73,8 

2,8 

9.0 

4.2 

^"^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, 
and 10 wt % octadecanol. Matrix 3 is 38 wt % Lonza KS-15 graphite 
flour, 57 wt % 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 ThO„ 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 ThO„ 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 

a fluence of 4.1 to 8.3 x 10^^ n/m (E > 29fJ)„_„ and a burnup of 4.9 to 
HitrK 

9.1% FIIiA exhibited zero pressure vessel failure (both the OPyC and SiC 

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 10^^ n/m^ (E > 29 fJ)jĵ (jR 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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TABI.E ^-10 
PARTICLE SESCRIPTION AND CCMPARISON OF RESULTS OF TRISO m>2 SAMPLEŜ ^̂  

OF CAPSULES HT-31 AND HT-33 

Parent Batch 
Nuifcer 

P a r t i c l e Proper t ies 

Nraninal 
Kernel 

Diameter 
(yin) 

Coater 
Size 
(nan) 

Giarge 
Size for 

OPyC 
Coating 

(kg of 
Heavy 

hietal) 

OPyC Coating 

Density (Mfe/m )̂ 

Liquid 
Gradient Bulk 

Coating 
Rate 

(vm/min) aAF, (b) 

Variabiles' W 

Coating 
Rate 

Bulk 
Density 

OPyC 
C3iarge 
Size 

HT-31 Sswples 

Fast 
Fluence 

(1025 n/sf) 
(E > 29 f j ) , ^ 

Burnup 
(t FIMA.) 

OPyC 
Coating 
Failure 
(%) 

Pressure 
Vessel 
Failure 

m 
(d) 

HI-33 Samples 

Fast 
Fluence 

(lO'S n/m2) 
(E ^ 29 £J)„^ 

Burnup 
(% FIMA) 

OPyC 
Coating 
Failure 

m 

Pressure 
Vessel 
Failure' 

C) 
W) 

I 
y3 

1200°C Hagazine (Design) 

6:52-05-015^^^ 

6252-06-015 

6252-06-025 

6252-07-015 

6252-07-025 

6252-08-015 

6252-09-015 

6252-10-015 

SCO 

450 

450 

450 

450 

450 

450 

450 

127 

240 

240 

240 

240 

240 

240 

240 

1.8 

11.0 

6.6 

13.2 

6.6 

6.6 

S.S 

5.5 

1.85 

1.74 

1.70 

1.81 

1.80 

1.89 

1.78 

1.98 

1.66 

1.59 

1.57 

1.59 

1.65 

1.73 

1.59 

1.75 

4.5 

5.0 

5.6 

5.9 

5.3 

5.9 

7.5 

8.4 

1.026 

1.033 

1.038 

1.042 

1.041 

1.045 

1.036 

1.052 

Low 

Low 

Low 

Low 

Low 

Low 

High 

High 

f̂ed^um 

Low 

Lou 

Lou 

Mediian 

High 

Low 

" 1 ^ 

Small 

Large 

Snail 

Large 

Snail 

Small 

Small 

Snail 

5.9 

4.6 

4.8 

S.3 

5.5 

4.1 

6.1 

6.5 

6.7 

5 4 

5.6 

6.1 

6.3 

4.9 

6.9 

7.2 

0 

0 

0 

3.7 

1.9 

0 

1.9 

1.9 

0 

0 

0 

0 

0 

0 

0 

0 

7.1 

6.2 

t).8 

7.6 

7.9 

5.9 

8.3 

5.3 

7.5 

6.5 

7.1 

8.1 

8.5 
6.2 

9.1 

5.6 

0 

0 

3.8 

0 

0 

0 

0 

0 

n 
0 

0 

0 

0 

0 

0 

0 

1500°C Hagazine (Design) 

6252-05-015^^' 

6252-06-015 

6252-06-025 

6252-07-015 

6252-07-025 

6252-08-015 

6252-09-015 

6252-10-015 

500 

450 

450 

450 

450 

450 

450 

450 

127 

240 

240 

240 

240 

240 

240 

240 

1.8 

11.0 

6.6 

13.2 

6.6 

6.6 

5.5 

5.5 

1.85 

1.74 

1.70 

1.81 

1.80 

1.89 

1.78 

1.98 

1.66 

1.59 

1.57 

1.59 

1.65 

1.73 

1.59 

1.75 

4 .5 

5.0 

5.6 

5.9 

5.3 

5.9 

7.5 

8.4 

1.026 

1.033 

1.038 

1.042 

1.041 

1.045 

1.036 

1.052 

Low 

Low 

Low 

Low 

Low 

Low 

High 

High 

Medium 

Low 

Low 

Low 

Medium 

H i ^ 

Low 

High 

Small 

Large 

Small 

large 

Small 

Small 

9nall 

ana l l 

8.1 

7.4 

7.6 

7.7 

7.9 

8.1 

7.9 

8.0 

8.9 

8 

8 

8 

8 

8 

8 

8 

2 

4 

5 

6 

8 

7 

8 

(f) 
0 

(0 
(f) 
(f) 
(f) 
(f) 
(f) 

94.1 

0 

11.7 

52.5 

38.5 

80.0 

94.9 

53.2 

10.4 

10.1 

10.2 

9.8 

9.9 

10.4 

9.4 

10.4 

12.5 

12.1 

12.2 

11.S 

11.7 

12.8 

11.0 

12.6 

(f) 
(f) 
(f) 

(f) 

(f) 

(f) 

(f) 

(f) 

100 

100 

100 

98.7 

100 

27.5 

51.3 

98.7 

^ ^ ' A H samples were screened, density separated to parent batch average and heat treated at 18nO°C for 30 minutes m Ar. 
(b) 

(c): 

(d) 

(e) 

(0, 

Measured with Seibersdorf optical anisotropy unit using 24 \m circle. 

Word descriptions are relative to these particle batches only. 

Based on visual examination. 

This saii|)le was previously tested in capsules HT-28 and HT-29. 

OPvC failure with pressure vessel failure was not (^served. 



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

failure fractions is relatively high. 

The results of the TRISO ThO^ 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 ThO„ 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 0 to 59% for the 1200°C samples irradiated to 
25 2 

a fluence of 5.3 to 8.3 x 10 n/m (E > 29 fj) „„ and a burnup of 5.6 to 

9.1% FIMA. The 1500°C samples exhibited 0 to 95% failure after irradiation 
25 2 

to fluences of 9.4 to 10.4 x 10 n/m (E > 29 fJ)„„„„ and burnups of 11.0 

to 12.8% FIM. 

The results of BISO coated ThO^ 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 (N„, Ar, and He) have been used primarily at GA in the small-

diameter coaters. H„ dilution appeared to produce a more uniform OPyC 

coating for the large coater batches. Capsule HT-33 was the first experi

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

DESCRIPTION AND RESULTS OF VISUAL EXAMINATION OF 
BISO Th02 SAMPLESCa) IN CAPSULE HT-33 

Sample Nimber 

Variables 

Process 

Coater 
Size 
(mm) 

Initial 
Load 
Size 
(kg) 

OPyC 
Cbating 
Diluent 

Gas 

OPyC Coating 

Density (N^/m^) 

Liquid 
Gradient Bulk 

Coating 
Rate 

(um/min) BAF, (b) 

Capsule Sample 
Heat-Treatment 

Condition 

As-Coated 1 6 5 0 ° C ^ 

Irradiation Conditions 

Capsule 
Position (d) 

Fast Fluence'•^^ 
(x 1025 n/is?) 
(E > 29 iJ)^^ 

Burnup^ ' 
(». FIMA) 

Results of Visual Fxan 

N'umber of 
P a r t i c l e s 

OPv-C 
Coatinr 
Fai! ' : re 

m 

i 
4:> 

1200°C Magazine (Design) 

6542-39-0161-001 

6542-40-0161-001 

6542-40-0261-001 

6542-40-0260-001 

6542-27-0151-001^^^ 

6542-29-0261-001 

6542-41-0161-001 

6542-41-0160-001 

240 

240 

240 

240 

127 

240 

240 

240 

20 

13 

13 

13 

2 

20 

13 

13 

N2 

H2 

H2 

H2 
Ar 

N2 

N2 

N2 

1.98 

1.74 

1.77 

1.77 

1.86 

1.96 

2.02 

2.00 

1.92 

1.67 

1.70 

1.69 

1.78 

1.89 

1.93 

1.93 

3,9 

5.8 

5.8 

5.6 

4.2 

4.4 

5.5 

5.6 

1.079 

1.043 

1.038 

1.038 

1.041 

1.081 

1.081 

1.060 

X 

X 

X 

X 

X 

X 

X 

X 

2 

4 

5 

7 

8 

10 

11 

13 

5.3 

5.9 

6.2 

6.8 

7.1 
7.6 
7.9 

8.3 

5.6 

6.2 

6.5 

7.1 

7.5 

8.1 

8.5 

9,1 

38 

41 

41 

41 

40 

39 

40 

40 

7.9 

0 

0 

n 
0 

59.0 

35.0 

30.0 

6542-29-0261-002 

6542-27-0161-002^^' 

6542-41-0161-002 

6542-41-0160-002 

6542-39-0161-002 

6542-40-0161-002 

6542-40-0261-002 

6542-40-0260-002 

240 

127 

240 

240 

240 

240 

240 

240 

20 

2 

13 

13 

20 

13 

13 

13 

N2 

Ar 
N2 

N? 

N2 

H2 

H2 

H2 

1.96 

1.86 

2.02 

2.00 

1.98 

1.74 

1.77 

1.77 

1.89 

1.78 

1.93 

1.93 

1.92 

1.67 

1.70 

1.69 

4.2 

4.2 

5.5 

5.4 

4.1 

5.7 

5.6 

5.7 

1500° 

1.081 

1.041 

1.081 

1.060 

1.079 

1.043 

1.038 

1.038 

: Magazine (Design) 

X 

X 

X 

X 

X 

X 

X 

X 

15 

17 

18 

20 

21 

23 

24 

26 

9.4 

9.8 

9.9 

10.1 

10.2 

10.4 

10.4 

' 10.4 

11.0 

11.5 

11.7 

12.1 

12.2 

12.5 

12.6 

12.8 

55 

57 

56 

56 

54 

58 

56 

58 

89.1 

0 

9 4 . ti 

Lost 

92.6 

91.4 

0 

17.: 

(a) 

(b). 
All Siimples were screened and density separated to the batch average density. 

'Measured with Seibersdorf optical anisotropy unit using 24 um circle. 

^"^^Heat treated at 16S0°C for 90 minutes in Ar. 

-̂ llie nunfcer designates the axial position in capsule; the nunters increase consecutively toward the bottom of capsule 
(relative to the reactor core). 

^''^Dcsign values. 

'•̂ •'fiatch previously tested in capsules HT-28 and HT-29. 



results indicate the irradiation performance of OPyC coatings made with H„ 

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 (BAF ) 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 BAF <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 H„ dilution. Some failure 

would be expected in the high-temperature samples since the particles were 

irradiated to burnups which were 30% to 45% higher than the peak LHTGR 

burnup, and higher temperatures produce higher OPyC coating failure (Ref. 

9-11). The reason for the large differences in failure in the 1500°C BISO 

samples with BAF <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 

Simimary. Five thin strips from Peach Bottom fuel elements FTE-5 and 

FTE-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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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 

visibility. 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 as5mimetry 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 = ±-~= (la) , (9-4) 
yi2n 

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

measurements taken. This resulted in 

p = ±0.246 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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deflection versus furnace temperature: (b) body 
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Fig. 9-21. FTE-5 thin strip heatup experiment, differential 
deflection versus furnace temperature: (c) body 
3, hole 7 
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Fig. 9-22. FTE-6 thin s t r i p heatup experiment, d i f fe rent ia l 
deflection versus furnace temperature: (a) body 
2, hole 3 
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Fig. 9-22. FTE-6 thin s t r i p heatup experiment, d i f fe ren t ia l 
deflection versus furnace temperature: (b) body 
2, hole 5 
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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: 

457.2 mm (18.0 in.) 

8.99 mm (0.35 in.) 

5.59 mm (0.22 in.) 

5,84 mm (0.23 in,) 

7.11 mm (0.28 in,) 

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 f 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 

Length, £ 

Width, w 

Min. thickness, t , 
m m 

Mean thickness, t 

Max. thickness, t 
max 
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outer fibers will result in a differential strain during isothermal heatup 

of the strip: 

X 2t6f ,- ,. 
6e = — 5 — , (9-6) 

o 

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 6f 2t .„ ,. 
6CTE = -^ = ™ . ̂  == -^ , â  . (9-7) 

The term 6f/6T 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 FTE-5, This may be explained by annealing of irradiation-induced 

dimensional changes, especially at the hotter inner fiber (rather than a 

differential CTE), 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 

EOL 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, 9-22a) 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 is 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 EOL 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 la 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 6CTE 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: 

Fas t Mean 
Fluence Irradiation Measured Predicted 

Fuel (1025 n/m2) Temperature 6CTE/CTE 6CTE/CTE 
Element (E > 29 fJ) (°C) (% ± 1a%) (%) 

FTE-5, body 2 3.7 905 -4-7.1 ± 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: 

e ^ = CTE • 6T + 6CTE • AT (9-8) 
th 

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°C5 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? 

^th -̂  ̂ th • ̂  • 5̂-9> 
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TABLE 9-13 

FTE-5 AHD FTE-6 STRESS ASSESSMENT FOR INVERSELY BOWED STRIPS AT HOTTEST F I B E R W 

Strip 

Identifi
cation 

5-2-1-1 

5-2-1-3 

6-2-2-5 

6-2-2-3 

1 5-3-1-7 
ON 

Residual 
Deflection, f(b) 

(in.) 

-0.5156 

-0.4523 

+0.0276 

-0.0786 

-0.2132 

Material Properties 

Elastic .Mod., 

EEOL^^> 

(10^ psl) 

3.23 

3.23 

3.17 

3.17 

3.22 

Ref. 

cTr(<=) 
CI 0-8 deg-1) 

170.3 

170.3 

177.3 

177.3 

176.5 

Measured 
6 CTE 

(10-8 deg-l) 

8.92 

13.63 

8.71 

12.10 

4.54 

Maximum Shutdown Strain 

e(CTE) 

(10-5) 

4.26 

4.26 

6.74 

6.74 

3.53 

£(6CTE) 

(10-5) 

5.93 

9.06 

7.93 

11.01 

3.25 

e 

(10-5) 

10.19 

13.32 

14.66 

17.74 

6.78 

e(6cTE)/E 

(%) 

58 

68 

54 

62 

48 

Maxiaum Fiber Stresses, EOL 

Thermal 
oth 

(psl) 

329 

430 

464 

562 

218 

Residual(d) 

Oresid 

(psl) 

-1176 

-1031 

+61 

-178 

-492 

0perational("^5 

''oper 

(psl) 

-1505 

-1461 

-403 

-740 

-710 

Material Strength, EOL 

Tensile 

OUTS 

(psl) 

5111 

5111 

•4990 

4990 

5106 

Bending(e) 

CUBS 

(psl) 

6797 

6797 

6636 

6636 

5792 

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

takes place in addition. 
Difference in maximum deflection before and after cutting (f = 4 x bow). Positive direction toward fuel coincides with tensile stresses in the 

unreleased state. 
(c) 

From Ref. 9-6. Mean values for edge location within graphite log, axial direction. 
It is hypothesized that these compressive stresses are erroneous as a result of artificial deformation of the strips during cutting. The irradiation-

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

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



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.) 

o 

a = a .J - a , (9-11) 
oper resxd th 

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 EOL 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 FTE-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. Support 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 S0818 and TS-1240. Initial 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 OG-5 

Work on capsule OG-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 200s GRAPHITE SPECIMEN PREPARATION AND PROPERTY MEASUREMENTS FOR 
CAPSULE IRRADIATION 

Capsule OG-3 

The final topical report on the OG-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 OG-3. The 

graphite grades investigated included near-isotropic H-451 (three 

different preproduction lots), TS-1240, and S0818; needle coke H-327; 

and European coal tar pitch coke grades P„JHA„N, P„JHAN, and ASI2-500. 

Data were obtained in the temperature range 823 K to 1673 K. The peak 
25 2 

fast neutron fluence in the experiment was 3 x 10 n/m (E > 29 
25 2 

fJ) __| the total accumulated fluence exceeded 9 x 10 n/m on some 
HiUK „ I- „ 

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 
25 2 

started (about 9 x 10 n/m 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. P.JHAN and P^JHA^N 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-isotroplc 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 graphltlzation 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 mldlength 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 mldlength 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. 

2. 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-

hltizing furnace, 

3. 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. 

4. 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 90% of the material at the mldlength 

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 99% of the material to exceed the 

specified minimum, with 95% confidence (99/95), 

5. 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, two 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 

yields 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 25% 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. 
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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 13% 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. 

11-6 



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; FRACTURE MECHANICS (FORMERLY STATISTICAL STRENGTH STUDIES) 

No work funded under this subtask in FY-77. 

TASK 500; FATIGUE 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 10 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 HTGR 

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; IRRADIATION-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 iran/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 

ratio 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 imn/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 92% 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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1 kN 

Fig. 11-2. Finite element model of six-hole teledial fuel body under 
diametral compression loading 
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1 kN 

Fig. 11-3. Finite element model of eight-hole teledial fuel body under 
diametral compression loading 
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Fig. 11-4. Finite element model of eight-hole teledial fuel body under 
diametral compression after pressure burst tests 
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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 HTGR Fuels and Core Development Program work on graphite oxida

tion, previously reported under Task 4, 189a No. SU001, 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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200 Pa (100 to 2000 yatm H2O), and at H™ concentrations varying from 100 to 

2000 Pa (1,000 to 20,000 yatm H2)| 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 

imn) 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-dlameter 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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Fig. 11-11, Coring diagram, Stackpole 2020, slab 3, t ens i le and 
compression radia l samples 
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Fig . 11-12. Goring diagram, Stackpole 2020, s lab 3 , t e n s i l e and 
compression a x i a l samples 
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Fig. 11-13. Coring diagram, Stackpole 2020, slab 5, t ens i l e and 
compression radia l samples 
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Fig. 11-14. Coring diagram, Stackpole 2020, slab 5, t ens i le 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% H„0 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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Fig. 11-15. Average and range of reaction rates of each section versus 
distance from top of log 
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Fig. 11-16. Average and range of densities of each section versus 
distance from top of log 

llr-29 



10-

< 

10-

10-

o 

-

o 
o 

- o 

o \0f 

—o 
o 

-

_n 
D 

- A 

A 

o 

-

o 

o 

o 

8 

o 

0 
o 
o 
8 

A 
— M -

o 

D 

A 

1 

D 

O 

O 
O 

o 
o 

o 

o 

A 

a 

A 

o 

o 

o 

o 
A 

o 

0 8 
o 
o 

n 
•D -

J 

g 

D 

O 

1 

8 
o 

8 

o 

D 

D 

\ o 

A 

LATERAL LOCATION IN LOG 

O EDGE, r > 44.5 mm 

ACENTER, r < 44.5 mm 

DWHOLE RADIUS 

D 

a ° D D 

D 

° A 

8 -

1 1 1 

50 100 150 200 

DISTANCE FROM TOP OF LOG (mm) 
250 300 

Fig. 11-17, Reaction ra te versus posit ion in log for slab 1 
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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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TABLE 11-1 
GA-GLCC ROUND-ROBIN FLEXURAL TESTS: DATA SUMMARY (CORRECTED FOR NONLINEARITY) 

Specification 
Size 

6.4-mm-
diameter 
cylinder 

8.9-mm 
square cross-
section beam 

Orientation 

Axial 

Axial 

Radial 

Radial 

Axial 

Axial 

Radial 

Radial 

Location 

Midlength 
edge 

End center 

End edge 

Midlength 
center 

Midlength 
edge 

End center 

End edge 

Midlength 
center 

GA Results 

No. of 
Specimens 

35 

35 

36 

35 

23 

25 

26 

36 

Mean 
Strength 
(MPa) 

26.2 

21.3 

22.7 

18.6 

23.9 

19.7 

18.8 

16.7 

Standard 
Deviation 

(MPa) 

1.3 

1.8 

1.2 

2.5. 

1.5 

1.7 

2.8 

1:9 

GLCC Result 

No. of 
Specimens 

35 

35 

36 

36 

24 

25 

26 

36 

Mean 
Strength 
(MPa) 

26.6 

21.1 

22.0 

18.4 

23.8 

18.2 

19.4 

16.6 

s 

Standard 
Deviation 

(MPa) 

1.3 

2.3 

2.5 

2.1 

1.3 

1.4 

2.4 

1.8 

Strength Difference, 
GA - GLCC 

(MPa) 

-0.4 

0.2 

0.7 

0.2 

0.1 

1.5 

-0.6 

0.1 

« * 



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

Specification 
Size 

12.8-min-
diameter 
cylinder 

7.6-inm 
square cross-
section dogbone 

Orientation 

Axial 

Axial 

Radial 

Radial 

Axial 

Axial 

Radial 

Radial 

Location 

Midlength 
edge 

End center 

End edge 

Midlength 
center 

Midlength 
edge 

End center 

End edge 

Midlength 
center 

GA Results 

No. of 
Specimens 

52 

50 

30 

30 

Mean 
Strength 

(MPa) 

19,9 

13.0 

13.6 

10.4 

Standard 
Deviation 

(MPa) 

1.4 

1.6 

3.5 

2.1 

No GA tests 

GLCC Result 

No. of 
Specimens 

52 

50 

36 

36 

47 

48 

26 

36 

Mean 
Strength 

(MPa) 

19.3 

12,8 

13.6 

10.7 

18.8 

11.8 

11.8 

9.8 

s 

Standard 
Deviation 

(MPa) 

1.5 

1.0 

3.5 

1.9 

1.4 

1.5 

3.0 

2.4 

Strength Difference, 
GA - GLCC 

(MPa) 

0.6 

0.2 

0.0 

-0.3 

_ 

-

-

-



TABLE 11-3 
GA-GLCC ROUND-ROBIN STRENGTH TESTS: CONCLUSIONS 

Type of 
Test 

Tensile 
(cylinder) 

Flexural 

Tensile 

Flexural 

Comparison 

GA vs GLCC 

GA vs GLCC 

Cylinder vs dogbone 
(GLCC only) 

Cylinder vs rectangular 
beam 

Average Difference 
(%) 

+1 

+1 

+8 

+13 

Number of Cases Where 
Difference was Significant 
(at 95% Confidence Level) 

1 out of- 4 

1 out of 8 

2 out of 4 

8 out of 8 

Conclusion 

No real difference between 
test laboratories 

No real difference between 
test laboratories 

Real effect; probably caused 
by sharp edges, radiused shoulders, 
or worse alignment of dogbone 

Real effect; rectangular beam 
stresses more material to peak 
stress and has larger thickness-
to-span ratio 
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TABLE 11-4 (Continued) 

LOT N0» 
LOG NO, 

RR 
bUBU" 

LOG DBW&ITY m 

SPECIMEN ORIENT* 
NUMBER ATION 

ig«Mm«0«l 
HmmOlI 
M«.m02l 
HmmOJl 
UmmQal 
M«.»05l 
M«®06l 
M.«.P071 
Mx»081 
M.««.n9t 
M«*>iOl 
H^t.11! 
HmmlZl 
M«.!3I 
Hmmim 
Hm^iSl 
H««lfel 
Hm^ni 

U^HmmlBi 
M-.-I91 
MmmiOl 
Mmmltl 
Hww22l 
M.«?3t 
M^«241 
M«.-25l 
H^».26l 
M^^27i 
M*P2J81 

M«.»29l 

R&Q 
RIkO 
HA0 
R^O 
R^O 
RAO 
RAD 
WAD 
R&O 
RAO 
RAO 
PAD 
R4D 
R4D 
RAO 
RAO 
RAO 
RAO 
R40 
RAD 
RAO 
RAO 
RAD 
PAD 
RAD 
HAD 
RAO 
RAD 
RAJ3 
RAO 

LOCA« 
TION 

MLC 
MLC 
HLC 
MLC 
MIC 
MLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
HLC 
HLC 
HLC 
HLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
HLC 
HLC 
MLC 
HLC 
MLC 
HLC 
MiC 
HLC 

ammmfm 

<Bi 
lat 

SPEC :* OIA, 12«8 
SPEC, LENGTH 7fc, 

Me/M**3 

- DENSITY YOUNGS 
CHG/M 

«>«»<»»»« 

**S?MOOULUS 
C6PA) 

»S9fW<!»ipW«^«»W|S«»a8 

PERM*. 
ANENT 
StT 

CPCTJ 

>^m^m?^m 

FRAC« 
TURE 

STRAIN 

CPCTJ 

•980^^'^9Sf^^^^ 

MH 
MM 

TENSILE 
STRENGTH 

CMPA) 

12,0 
10,7 
12,2 
ti«« 
8«« 
9,6 
IU9 

a»6 
11,2 
•9,7 
9,0 

U,3 
5,9 

8««? 
8.5 
8,6 

1 0 , a 
11,5 
7,8 
9,6 
8,4 
7,9 
a,9 
10,3 
13,3 
11,9 

H,a 
13,8 
U,8 
1 4 , a 

MEAN 1 9 , a 
£ 1 5 0 9 , P 8 I 1 

STD* OEV, 2 , 1 
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TABLE 11-5 
ROUHD-ROBIN TENSILE DATA: CYLINDRICAL SPECIMENS (GLCC DATA) 

SPECIMEN 
•MUMBfc" 

-

5A» M8A 
MlOA 
,il2A 
i3aA 
-i4,̂ A 

«^«A 
MfeaA 
'<7?A 
M714A 

M 9 « A 

Ml oaA 
MiahA 

-\r 12A 
3'<-Ml2bA 

M130A 
>i!52A 
^132A 
i«il60A 
MIoaA 
'•1182A 
M190A 
1192A 
M^12A 
Ma32A 
«24«A 
»«?<48A 

3A»H6B 
M58tl 
"6«8 
M9«I:J 
MtuB 
««2e 
Ml2ri 
M72B 
M««d 
MTuri 

M10«8 
Mll2t} 
M1Q6IJ 
Jd-M212B 
M182tl 
M1529 
Mi2toH 
H1908 
H160S 
M!30e 
M192B 
M162B 
M132B 
«4(aB .. 

»mm 
M232tt 

LOT 
LOG 

NO. 
NO. 

RH(G1.) 
6«8«-82 

LOG. DLN3ITY — 

ORIEMT-
ATION 

— 

«W«»(B, 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

3pe? 
SPEC 

Ma/M««J 

LUCA- OfeNSITV YOUNGS 
TION (MG/l* 

MLE 
MLC 
MLE 
HLE 
•̂ te 
^LE 
MLE 
i-̂ LE 
f^Lt 
MLE 
ML£ 
MLE 
«LE 
MLE 
MLE 
MLE 
MLl 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
f^LE 
m-E .̂  
MLE 
MLE 
MLE 
MLE 
HLE 
MLE 
MLE 
MLE 
MLE 
MLI 
MLE 
MLE 
MLE 
Mtfc 
MLE 
MLE 
MLE 
MLE 
Ml,6 
MLE 
MLE._ 
MLE 
MLE 

**3)MOOULU8 
(GPA) 

;jL o i A . 12,< 
:, LENGTH 76, 

PESMw 
ANENT 
SET 
£PtIl 

PRAC-
TURE 

STRAIN 
(PCT) 

S MM 
, MM 

TENSILE 
8T»tNSTH 

(MPA) 

.—„. - ,» . 
S9.7 
18,9 
20.0 
16,2 
18.0 
H.J 
19.8 
18,<? 
19.3 
H.O 
19.6 
21.0 
21,8 
20.0 
21,6 
i?.o 
21.8 
1^.3 
18.1 
20,3 
18,« 
17,6 
20.2 
19,0 
20,} 
18,5 
18,9 
16,3 
21,1 
18,7 
15.3 
18,9 
19.7 
I?,9 
16,3 
21.5 
21.0 
22.3 
20.6 
18̂ ,0 
19,3 
2U© 
19,e 
19.5 
ii,f 
It.2 
1^.3 
20.1 
JT.# 
20,4 
20.5 

MEAN 19»3 
( 2 8 0 3 , P S D 

8 T 0 . DEV, ~ ' 1,5 
c 216,psn 
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TABLE 11-5 (Continued) 

LOT NO, R«(GL) SPEC, D I A , 1 2 , 8 MM 
LOG NO. 6 4 8 0 - e ? SPEC, LENGTH 7 6 , MM 
LOGi lENS ITY — MG/M*«3 

SPECIMEN ORIENT- LOCA» DENSITY YOUNGS PERM- FRAC" TENSILE 
viiviHfes ATJON TJON (M6/M«'«5)HU0ULUS ANENT TURI STRENGTH 

(GPA) SET STRAIN (MPA) 
(PCT) CPCT) 

l A - e n A 
E 1 4 A 
f<?4A 

f i 4 A 
E a a A 
P b « A 

fcb4A 
E 7 a A 
FHUA 
E 9 4 A 

t l O « A 
e t l«A 
t 124A 

l f l - t 1 i « A 
t l « M A 
i Ib '-A 
t1fe4A 
t l ?«A 
EIB«A 
fcl^UA 

l H - t 2 0 « A 
fc21«A 
t 2 2 a A 
e23i lA 
fe2il4A 

l A » t « B 
E140 
F2«t i 
eS48 
Faf)8 
I'y'tB 
Efe4e 
E74B 
E8aB 
Eo«a 

fe104B 
kH'^li 
E12«B 

l a - f c l J i i B 
E1148 
fcl!?4a _ 
ES64B 
E17«B 
£1848 
E19«B 
E20«9 
E21«8 
EZri^B 
E?3«B 
t 2 « 4 B 

AX 
AX 
AX 
Ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

AX 
AX 
AX 
AX 
AX 

AX 
AX 

AX 
AX 
AX 
AX 
AX 

. .-AX 

EC 

ec 
EC 
EC 
IC 
EC 
EC 
EC 
EC 
EC 
FC 
EC 
EC 
EC 
EC 
EC 
EQ 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
fcC 
EC 
EC 
FC 
IC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

MEAN 

STO. DEV, 

1 « , 8 
1 1 . 8 
1 3 , 2 
1 2 . 6 

n.e 
1 0 , 8 
U . 7 
1 2 , 7 
1 2 , 0 
1 2 . « 
1 3 , 2 
1 1 , 9 
1 2 . 1 
1 4 . 2 
1 5 . 1 
1 4 , 4 
1 4 , 1 
1 1 . 9 
1 3 . 6 
1 2 . 7 
1 2 , 3 
1 3 , 6 
1 1 , 9 
1 2 , S 
1 2 . 5 
1 2 . 6 
1 2 . 7 
1 2 , 6 
1 2 , 8 
1 2 , 6 
1 3 , 1 
1 2 . 8 
1 3 , 1 
1 0 , 8 
1 2 , 6 
1 5 . 1 
1 3 . 4 
1 J . 4 
1 5 , 4 
1 3 . 8 
U . 6 
1 2 . 7 

!«,« 
1 3 , 1 
1 2 . 0 
l i . O 
1 2 . 9 
1 1 . 3 
1 2 , 9 
1 2 . 4 

1 2 . 6 
( 1 8 5 8 , p s n 

l . O 
.( 1 4 0 . P S I ) 
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TABLE 11-5 (Continued) 

LOT NO, RRCGLI SPEC, O I A , 1 2 , 8 m 
LOG NO, bi464m62 SPEC, LENGTH 7 6 , Mh« 
LUG DENSITY »« MG/M**3 

SPECIMEN 
NUMBER 

I B - E S A 
FI3A 
E23A 
F33A 

65 3A 
F63A 
e7.lA 
E63A 
e93A 

t l O J A 
F I I 3 A 
e i ^ j A 
e i 5 3 A 
tluSA 
F 1 5 I A 
E163A 
£1 73A 

l A « t l 8 3 A 
£1<?5A 
t ? 0 3 A 
t 2 l 3 A 
t ? 2 i A 
F2 33A 
£?a3A 
fc553A 
t 2 6 3 A 
fc?73A 
E?83A 
e?93A 
fe303A 
fe3l3A 
e?^3A 
E333A 
E343A 
E3b3A 

ORIENT". 
ATIQN 

RAO 
RAD 
RAO 
RAD 
RAO 
RAO 
RAO 
»A0 
RAD 
RAD 
PAD 
RAD 
RAO 
PAO 
RAD 
WAO 
RAD 
RAD 
RAO 
RAO 
RAO 
RAO 
RAO 
RAD 
RAD 
RAO 
PAD 
RAD 
RAO 
RAD 
RAO 
RAO 
RAO 
RAO 
PAO 
WAD 

LUCA» DENSITY YQUNGS 
TION (MG/H*«3)MUDULUS 

(GPA) 

EE 
FE 
t £ 
EE 

t t 
E t 
E t 
EE 
f t 
EE 
EE 
EE 
EE 
FE 
EE 
EE 
E t 
f t 
Eh 
t t 
EE 
Et 
EE 
Et 
EE 
Efc 
F t 
EE 
EE 
EE 
feE 
EE 
EE 
FE 

mmmmmmm 

PERM" 
ANENT 

SET 
(PCT) 

fmmmmm«s 

FRAC
TURE 

STRAIN 
CPCT) 

frnt^noBtwrnw 

T f N S I L E 
STRENGTH 

CMPAl 

10«T 
7 , 6 
8 , 7 
9 , 1 
8 , a 
6 , 9 

1 3 , 6 
1 2 , 2 
1 2 , 5 
1 0 , 5 
I t , 9 
1 1 , 1 
1^*2 
1 6 , 8 
1 5 , 5 
1 5 , 1 
1 5 , 5 
1 5 , 7 
1 2 , 8 
1 2 , 1 
1 0 , 6 
1 5 , 3 

9 , 0 
1 0 , 3 
1 7 , 1 
1 5 , S 
1 8 , 8 
1 8 , 9 
1 7 , S 
1 9 , 1 
17,fe 
l f e ,0 
i ! s ,e 
I S , 8 
16g7 
1 8 , 0 

MEAN IJ^fc 
C 1 9 7 8 , P S I ) 

STD, DFV, 3^5 
C S O S , P S I ) 
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TABLE 11-5 (Continued) 

LOT NU« MHCGL) SPEC, OIA, 1 2 , 8 MM 
LOG NO, bHHUmBi SPEC, LENGTH 7 b , MM 
IQb n t N § I ! Y - - MG/M**3 

SPEClf^EN t)RlENT« LUCA« DENSITY YUUNGS PERM« FRAC* T E N S I l E 
NUMbE^? ATiON TldKi CMG/M*«3)MU0ULUS ANENT TiiRE STRENGTH 

(GPA) SET STRAIN (MPA) 
(PCT) (PCT) 

9 , 6 
1 2 , « 

n,« 
9 ,« 

12,7 
11,4 
10,6 
11,7 
U , 5 
11,0 
9 ,7 

11.« 
5,0 
9,7 

10,a 
9 ,3 
9 ,0 
7,4 
a,3 
7,9 

1 0 , ^ 
9 , 7 
8,9 

10,0 
12 ,5 
13,0 
12,4 
12 ,5 

14.3 
H . a 
10,2 
10,9 
13,4 
l U l 
I I . I 

10,7 
C 1554,PSI ) 

. . 1.9 
( 279 ,PS I ) 

3B- M3 
H U 
M2J 
133 
M«i 
MSi 
M6 5 
M75 
MH3 
M93 

MtOi 
Ml 13 
Ml?3 
HI 33 
Mias 
M!53 
^ld3 
H!73 

3A«.H!b3 
M193 
MgOi 
M^t3 
M223 

nils 
M243 
M253 
M^63 
M^7 5 
MgiiJ 
Ha93 
M50J 
N'3!3 
M323 
H533 
M343 
M3S3 

RAD 
RAO 
PAD 
tikO 

RAD 
•̂ AD 
RAO 
kAD 
«AD 
RAO 
î AD 
RAD 
WAD 
RAD 
«AD 
RAD 
RAD 
RAD 
RAD 
RAO 
PAD 
PAD 
RAO 
î AO 
HAD 
RAD 
«AD 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAO 
f«AO 
RAO 

MEAN 

STD, 

MLC 
MLC 
!̂ LC 
HLC 
f̂ LC 
MLC 
«LC 
f̂ LC 
HLC 
MLC 
f^tc 
MLC 
MLC 
'̂ LC 
HLC 
MLC 
HLC 
MLC 
HLC 
MLC 
HLC 
HLC 
MLC 
MIC 
«LC 

nx 
MLC 
HLC 
MLC 
^LC 
HLC 
^LC 
MLC 
MLC 
MLC 
f̂ LC 

DEV, 
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TABLE 11-5 (Continued) 

LOT NO, HH(GLJ SPEC, OIA» 6 , 4 MM 
LOG NO, 6 4 8 4 - 8 2 SPEC* LENGTH 5 1 , ^^ 
LOG DENSITY «.«. M 6 / H * * 3 

SPECIMEN ORIENT- LUCA- DENSITY MODULUS OF FLEXURAL 
MiMRER ATlON TION CMG/M**3) RUPTURE (MRA) STRENGTH (MPA) 

(UNCORRECTED) (CORRECTfcO) 

3A» t 
10 
U 
10 
22 
2«s 
28 
3^ 
36 
44 
Ufo 
50 
5a 
5d 
64 
66 
68 

3B.. 78 
80 
82 
84 
9a 
96 
9« 
100 
110 
112 
114 
U b 
118 
130 
132 
136 
I3fe 
140 

AK 
AX 
A% 
AX 
AX 
AX 
Ak 
AX 
AX 
AX 
AX 
AX 
AX 
A« 
A)( 
AX 
AX 
AX 
A)( 
AX 
AX 
AX 
AX 
AA 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MEAN 

HLE 
MLE 
f̂ LE 

«Le 
HLE 
^LE 
MLE 
MLt 
HLE 
MLE 
HLE 
HLE 
MLE 
HLE 
HLE 
•ILE 

MLE 
MLE 
MLE 
MLt 
MLE 
MLE 
f̂ L£ 
MLE 
MLE 
MLE 
HLE 
MLE 
HLE 
HLE 
MLE 
MLE 
MLE 
MLE 
MLE 

fin^Q&fi9(%ffi»^«W^^IS9(l{9« 

39,5 
37.3 
36,1 
33,6 
34 « 5 
37,9 
33,6 
36«1 
34,1 
33,2 
38,0 
36,4 
36,6 
33.4 
34 9 8 
36»8 
35,7 
ii,i 
32«0 
33,0 
35.9 
36,6 
35«9 
32«3 
3a«9 
35,7 
2B,i 
33,0 
36.4 
3b«6 
37,5 
36,4 
37,7 
40,2 
32.3 

35.4 MPA 

29,4 
2B«!J 
28,0 
26«» 
27,3 
28,8 
26,6 
28,0 
27^0 
26,6 
28^6 
28,1 
28«a 
26,7 
27,4 
28,3 
27«8 
26,1 
26,0 
26.5 
27,9 
28,2 
27,9 
26,1 
29,2 
27,e 
23,6 
26^5 
28,1 
26,2 
28,6 
28,1 
26,7 
29,6 
26«1 

27,6 MPA 

STO« DEV, 2 , 5 MPA l s 2 MPA 
( 362« P S I ) C | 7 7 « P S ! ) 
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TABLE 11-5 (Continued) 

LOT NO, RH(GL) 
L O G N 0 » fe48ij-»f5? 
LUG DENSITY mm M6/M*«3 

SPECt 0|A, 
SPEC, LENGTH 

6«4 MM 
5 U M*̂  

SPECIMEN 
i^^llMBfc R 

1 A.»144 
|4B 
152 
156 
160 
164 
|6« 
172 
I7b 
180 
|rta 
l^b 
192 
|Qfe 

Z^i) 
20« 
206 

l«»212 
216 
220 

1B«.224 
228 
232 
23b 
'i^<<) 
244 
2«e 
252 
2S6 
2o0 
264 
268 
272 
276 
280 

flKIENT-
AT ION 

AX 
4X 
AX 
Ax 
AX 
AX 
AX 
AX 
&X 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
X̂ 
AX 
AK 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

LUCA- DENSITY 
HON CMG/M**3) 

EC 
EC 
EC 
EC 
EC 
EC 
FC 
EC 
tc 
EC 
EC 
EC 
feC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
FC 
EC 
ec 
EC 
EC 
EC 
EC 
K 
EC 
EC 
EC 
EC 
FC 
EC 
EC 

MODULUS OF 
RUPTURE (MPA) 
(UNCORRfeCTED) 

18,b 
25,5 
30,3 
27,4 
26»u 
24,9 
18,0 
27,4 
20,6 
21^^ 
24,6 
23,6 
21,6 
22,8 
26,7 
24,0 
25,tt 
25,1 
27,4 
28,9 
29,3 
23,9 
24,8 
26,6 
27,to 
22,3 
28,7 
26,7 
32,7 
2B,3 
29,5 
31,9 
27,2 
29,4 
29,5 

FLEXURAL 
STRENGTH (MPA) 
(CORWECTEO) 

16,8 
2U9 
24,9 
23,1 
12,2 
21,S 
16,2 
23,1 
18^3 
20,0 
21,3 
20,5 
19,1 
19,9 
22,7 
20,« 
21.9 
2 U 6 
23«l 
2«,1 
24,3 
20,7 
21,4 
2?t6 
23,2 
19^6 
24,0 
24,0 
26,3 
23,7 
li^^u, 
25«9 
23,0 
24,4 
24,5 

MfAN 26,1 MPA 
(3781, PSI) 

22,1 MRA 
C32U, PSI) 

STO, DEV, 3,5 MPA 
C 501, p s n 

2g4 HPA 
C 344, PSI) 
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TABLE 11-5 (Continued) 

SPECIMEN 
MllMBER 

Ii3«.t47 
151 
155 
159 
163 
167 
171 
175 
179 
tHi 
167 
i<»l 
195 
J 99 

203 
207 
21 1 
?15 

iA«ei9 

223 
227 
231 
2 35 
239 
243 
247 
251 
255 
2S9 
263 
267 
271 
275 
279 
?S3 
287 

LOf NO, 
LOG NO, 

HRCGL) 
6484»b2 

LUG DENSITY -« HQ/M 

ORIENT
ATION 

RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
»AD 
RAD 
WAO 
RAD 
«?A0 
WAD 
RAD 
WAD 
PAD 
WAfj 

E?AD 
RAD 
RAO 
RAD 
RAD 
MAO 
RAD 
RAD 
WAD 
RAD 
RAD 
PAD 
RAO 
RAO 
RAO 
RAO 
RAO 

MEAN 

STD, 

LUCA« DENSITY 
TION CMG/M**3) 

EE 
EE 
Et 
EE 
EE 
EE 
Et 
Et 
EE 
Et 
Et 
EE 
EE 
EE 
Et 
EE 
EE 
EE 
EE 
EE 
EE 
et 
Efc 
EE 
EE 
EE 
Et 
EE 
ee 
Ft 
EE 
EE 
EE 
EE 
et 
EE 

} 

DEV, 

SPfC« OIA, 
SPEC, LENGTH 

**3 

MUDULUS OF 
RUPTURE CHPA1 : 
(UNCORRECTED) 

19,1 
24,5 
28,0 
17,1 
23,9 
25,2 
25,7 
25,5 
25,0 
29,5 
24,1 
26,1 
33,0 
2S,6 
30,5 
2B,6 
29,8 
35,5 
30,7 
33,4 
34,5 
29,1 
26,6 
2B^l 
36,4 
31,4 
28,2 
32,0 
35,2 
35,5 
32,0 
35,0 
31,6 
34,8 
34,5 
37,3 

29,6 
(4295, 

4,8 
( 698, 

MPA 
PSI) 

HPA 
PSI) 

0,4 MM 
51, MM 

FLEXURAL 
STRENGTH (MPA) 
(CORRECTED) 

16,7 
20^4 
22,3 
15,3 
19,9 
20^8 
21,0 
20,9 
20,b 
23,1 
20,1 
21,3 
24,5 
22^6 
23,5 
22,6 
23,2 
25,2 
25,fe 
iti<,b 
25,0 
22,9 
21,6 
22,4 
25,4 
23,9 
22,4 
2^^2 
25,? 
25,2 
iU^Z 
2S,1 
24,0 
25^0 
25,0 
25.6 

Zi^^ HPA 
C330U PSI) 

Z^U MPA 
C 34T, PSI) 
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TABLE 11-5 (Continued) 

SPECIMEN 
NUMBER 

7 
!i 
15 
19 
25 
27 
51 

39 
43 
47 
5! 
Sb 
59 
63 
67 
71 

3A- 75 
JQ 

83 
87 
91 
9i 
99 
lOi 
10/ 
111 
115 
119 
123 
127 
131 
lib 
139 
143 

LHT NOS 

LOG NO. 
RR(GL) 
d484-.e2 

LOG DENSITY -« Hfi/f 

OHIFNT-
A T | 0 N 

RAD 
RAO 
RAD 
RAO 
RAO 
RAO 
RAD 
RAO 
WAD 
RAD 
RAO 
RAO 
RAO 
RAD 
RAO 
RAO 
RAD 
RAD 
RAO 
RAD 
RAD 
R4D 
RAO 
RAD 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
PAD 
RAO 
RAO 
RAD 
RAO 
RAD 

MEAN 

STD, 

LOCA- OtNSTTY 
TION (MG/M**3) 

MLC 
MLC 
MLC 
MLC 
^LC 
^̂ LC 
HLC 
^LC 
MLC 
HLC 
MLC 
•"ILC 
-iLC 
HLC 
MLC 
^LC 
^LC 
"1LC 
MLC 
MLC 
f-̂ LC 
MLC 
MLC 
HLC 
MIC 
MLC 
MLC 
HLC 
'iLl 
MLC 
MLC 
HLC 
HLC 
!>̂ LC 
MLC 
WLC 

OEV, 

SPEC, OIA, 
SPEC, LENGTH 

'̂ **3 

MODULUS OF 
RUPTURE (MPA) , 
(UNCORRECTEDl 

24^5 
15,0 
25,0 
20,0 
18,6 
27,3 
20,7 
17,7 
25,5 
20,0 
25,5 
22,3 
19,8 
20,2 
21,1 
22,0 
23,0 
24,3 
21,5 
17,5 
19,5 
22,0 
22,5 
24,8 
29,3 
19,0 
26,4 
28,6 
24,3 
24,5 
26,6 
24,8 
27,3 
25,2 
22,7 
25,7 

22,9 
(3327, 

3,3 
( 482, 

HPA 
PSD 

MPA 
PSI) 

6,4 MM 
51, MM 

FLEXURAL 
STRENGTH (MPA) 
(CORRECTED) 

20,3 
15,6 
20,6 
17,3 
16,3 
21.9 
i7^e 
15,7 
20,9 
17,3 
20,9 
l«,9 
17,2 
17,5 
18,t 
18,7 
19,3 
20,2 
19,4 
15,5 
n,o 
lfl,7 
19,0 
20,5 
25,0 
17«3 
21,4 
22,6 
20,2 
20,4 
21,6 
20,5 
21,9 
20^8 
19,2 
21^0 

19^2 MPA 
(278B, PSI) 

2,2 MPA 
C 316« PSI) 
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TABLE 11-6 
ROUND-ROBIN TENSILE DATA; SQUARE DOGBONE SPECIMENS (GLCC DATA) 

- — 

m^mmmmm^^* 
"PfeClMEN 

mmmmmmmmn 

MJWJ^fi' 

•~ i rA8 JmH 
8LAi J^B 

«W»*«HiH»i»l 

%im»mmmmmt 

mm< 

tOT 
iOfi 

mmmms nmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm^ 

""IT" 
62 

2 
1% 

"m 
u 

m 
u 

70 ' 

s 

fed 
122 
114 

72 
§8 

U 4 
14 

106 
lift 

76 
fa 

13S„ 

tmmmm 

smmmm' 

AX 
AM 
AX 
AX 
AX 
AX 
AX 
AX 

' AX" " 
AX 
AM. 
AH 

AX 
• " A X 

AX 
kK 
AX 

AX 
AX 
AX 

AM 
AX 
AX 
AK 

AK 
AM 
AX 
AX 
AX 
AX 

AX 
mmmmn 

wm mm mm mmmmmm»9immmm'mmmmmmm«»mm'»^>Bt 
LUCA- oeWiiTY Muoutus OF 

HUE 32t9 

HUE 3 0 ~ 

HUE 3 l f l 
wuf 3 5 . 1 

Ht.E 35 ,« 

HUE J l t ^ 

« t l - 37 ,1 

HUE 3 i » l 
f-%£ 31 .0 

Mil 3 « . * 

-« l l 2Sife 
MIS 3U<^ 

S I 0 , 

mmmmn 

. OiV. 2 . 4 MP* ^ 

to«# MM 

Tl7~T^M 

STH&NSTH CHPAJ 

2 4 , i 

2 7 . S 

2 7 i 6 

27«7 

2 5 t i 

as,! 

,|6a . 

i #»# 

c i f f s . P i l l 

l t „ l HPA 
C t f S t P l I ) 
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TABLE 11-6 (Continued) 

lUT NO, m 

LOS OCNSITY •«• 
8PfeC« UEN8TH 

SPECIMEN QHigHtm uacA^ oe-i 
NUHttER ATION llQh CMS/ 

SLAB !«A 142 AX fC 
146 AK IC 
ISu AX iC 
ISa AX EC 
158 AX EC 
Id? AX EC 
itos AX EC 
17M AX IC 
\7u AX l e 
n a AX EC 
182 AM EC 
I8to AX IC 
190 "AX ~~~|C 

1^8 k% IC 
202 AX EC 
2ifh AX EC 

" " " T t : A n " ^ ' a i « "AX fC"" 

^ 2 ^ AX t x 
i2fe AX £C 

23^ AX IC 

?kl AX EC 

25u AX IC 

258 AX EC 

266 AX EC 

a7<l AK EC 
""2T8 rr^ ^ET" 

W T r - ~ ~ 

STO, 0£V, 

SITY MODULUS or 
M**J) KUPTW«I i^'PA) 

CUNC0»«£C.Tfl3) 

23*1 

2 l t ^ „ 
2b,r 

2 ^ . 1 
i 3 « J 

17. ' * 
i t » 7 
22 . y 

2 3 , « 
- 2177 

a7««^ 
" " 2 V , l -

• ? r7g 

21 .d 

25» i 

M as <9 «P • «• <W • « • • DO !•> Ml •> W18 i l X ) # % 1 

C|5S7» P S I l 

l s » ^PA 

"""•' r~5wmiT 

STHfeNGTH Ch^AJ 
CCOHRfcCtEO? 

2 2 , 3 

S2«7 
iU5 
20*9 
2Ut3 

2 0 , i 

m7¥ 
83,s 

"1¥7J" 

"HIT """" 

i » i MP* 

f - fS lT -V fU 
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„ TABLE 11-6 (Continued) 
• WDWIVWI IVW WMW4IW « • • ) # ! W • • • * > * « WW • •>•%«! < l l *« l M O M W« 

LOT NO, m 8P IC, a iA^ 
CUf^NOt kmtl^iT P» lC7"XfBBTF 
LUS OINI ITY • • Me/M»*3 

(U«CUKHELrfcp) 

8 C A 8 1«»H 7^5 P*0 C£ ^ e T r * 
i a9 RAD Eg 29,<# 
i&S RAO E l 297^ 
157 frAO £1 20.B 

ift& RAO E i e * l , l 
169 RAD E£ ib,r~ 
i 7 i KAO IE i S . y 

Ifel RAO £1 29,S 
11^^ RAD EE i7,i 
i «9 RAO fee ili,i 
i 9 f ^ A D c r ~ 2 5 , r 
IQ? RAD E l iy . *» 
^ u l RAD ££ 3 y , i 

^ l 3 «A0 EE ? 7 t « 
SI.A'^ ii-A SFI «A0 gE ?9 ,9 
S L A B I - A 221 RAD t l Sy#7 

i i S RAO e i 2 7 t T 
229 RAO £6 J y . i 
^.43 RAO EE 58 ,y 
237 «*0 ££ 25 ,y 
^ i l l HkO i% S l T ^ 
^aS HAD £1 SU,«4 
^<^9 RAO ee e»tto 
^ 5 1 RAD E l 2 9 , i 
25 t R^a ££ 2 9 , F 
361 PAD Eg '5^.» 
a*5 «A0 t e 2 § . # ~ ~ ~ 
26 f RAD E£ Sii.y 
2 7 i KAO SE ^ t , 4 
577 SAD &£ 3 i t ^ 
2d l RAO I f S i T T " 
28S R*D IE 5 3 , ^ 

CaiSiJt P 8 I ) 

STOt Of¥7~ ^ 2 f 3 «^A 
C I S f . PSD 

i 

6^4 «H 

-fIT '̂ ^̂  

rLfeMUKAL 

21.& 

a£7fe 
21 .7 

iQ,t 
£1,3 
a0 ,7 

i3,l 

a i . ' i 
20»7 
23 .7 
ij.i* 
2 3 , J 
2u,Q 

2 3 . 6 
£ i * o 

£0»6 
as . * 
2 3 . 5 
2216 

£4 t5 
i l « 7 
2 3 . J 

^ 3 , 9 
i<l«5 
ai»ti> 

pmmmmmmmmmmmmm 

limb, PSD 

1,2 nPA 
C l § f , PSD 
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TABLE 11-6 (Continued) 

LQ-T N-Q,, MH 
l o e N0» bHBUm$2 
IJ36 CCfiSl lY mm 

S^iC» LEMCTH 
... -.A^-A-MM... 

5 U MM 

immmmmmmmmmmmmm^mmmmmtsiSBimmmmmimmmmimmmmm 

SPECIMEN ORIENT- lOCA- DENSITY MODULUS OF FLEXUR4L 
.Muwats.-.. Aiinu- IJOM IM£/HMJ,U ^Aupjimi. CKti) iTmHam IMPAJ 

- i ^ ^ IHUSI ̂  '!^ "BS-SS J® ^ ^ ^ ^ SBft ® US ^ ^ . f t * ^ "iS ISf ^ #B ̂  ^ 

SLAB 3«-8 1 RAO HLC 
5 BAfi HLC .^. 
9 ^kO HLC 

^ . 13 SAB ~ MtC .» 
17 RAD HLC 

- 21 R40 I t C 
25 RAD MLC 
29 Slfl^ MLi;.. 
33 RAO HLC 

. . . 17 J I A , . «LC -
41 RAO MLC 
45 RAD „ HLC . 
«9 RAD HLC 
51 RAD HLC 
57 RAO HLC 

,^ _A1-tAQ. MLC .. 

69^ M D HLC ^ 
SLAB 3«.A 73 RAO MLC 
SL4B 3«.I 77 HAD MLC -

81 RAD HLC 
„ „ . IS RAfi^ ^ WLC . 

99 RAO MLC 
9S RkH . HLC 
97 RAD MLC 

H I RAD . HLC 
105 RAO MLC 

.J09,^Ria. , .^HLC 
113 RAD MLC 
117 RAC ^MLC 
121 RAO MLC 
l29^^Ae^_ HLC 
133 RAO MLC 

.137 Mm. . «L t . . . 
141 RAO MLC 

• ' ^ j y s *"® * • « » • • ' • * " • • "J? ?»• ' •?"»«•» » j ? j 
HfAN 

- — 

^ _ ^^AIUM^QH.^ ^.. 

CUNCORRECTIO) 

ib,b 
_ 25 ,6 

2 * , 0 
^.. „. 2ii«J-. „ 

2S«9 
2S«2 
19«3 

_ 21^0 
22«8 

. . _ . . . .^ ,_.- i j ,^e ^ . . .„, 
2 5 « | 

^19,4 
18«8 

^.. . _ 2L«5 
IO» l 

.„ . . ^ . . i i « o 
2 i « 8 

^UB. 
19,1 
2 0 , 8 ^ ^. 
2 S > 

..,2a,i. 
2A,3 

. . . 2 5 . 0 
2 2 , 3 
2 ^ . 1 
i 8 . 9 

^ .^ 2.«^0.._ 
22«7 
2 # * 0 „ 
22«8 

. E2^1 . 
22«1 

. . . _ ^ . . . 20 .2 . „ 
1«.0 

CCORRECTEO) 
k ton msB iSHi tan aa SHB aia aui sat «m « B nn MM 
tSSSP W^W ^ W W SS-W W SK ^ W 

20*6 
2 1 , 2 
21*ft 
2 U 1 
20«a 
16,8 
ia*6 
19 ,3 

„ . . l & * 5 , . 
20 .7 
m^t 
tfetS 
IB-^ft 

9*5 
1S*S 
|8«6 
1 6 . 4 
tfetT 
I 7 * f 
2 i , 0 
1S^2 
20«2 
20»6 
18,9 
2 0 . 1 
16 ,6 

^ £0,S-. 
I f « 2 
aQ.<^o 
t^,3 

. l i*A-
t 8 « i 
JI*S.^.^^ -. 
ia«7 

'•?<»j»j»"«B«»'"•«».af»»'*i? « •« •« * • • •« * -§ • • _ « • * • • • ' • • * • »»i«» 
2 8 , 0 MPl 

_C3lf2» P i D -

. .. i . S MPA -
( 5 1 i » PSD 

18^6 MP^ 
XMf i ^ ftax) 

C S#S, PSD 
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TABLE 11-7 
ROUND-ROBIN FLEXDRAL DATA: CYLINDRICAL SPECIMENS (GA DATA) 

im W), B«?{St) SPEC, DIA. »*««»* MH 
ur)6 NO, feuea-aa S P B C , LEMGTH •?&, MH 

8PfCH?'>( ORIENT" UOC*» DFMStTV V O U N S S isr«M» rSAC- TENSILE 
M'«'8E« iTIOM TfriM (MG/M«*35MOOUtU8 * M 6 N T TUBS S T R E N C T H 

(GPA5 StT S T R A I M £wpA5 
OCT) CPCT) 

S8,S 
!#,« 
18,8 
18,1 
H , 0 
20,« 

18,a 
20,« 
18 ,1 
l fc.8 
17,0 

t 8 , 8 
8 0 , J 
JO,5 

20.5 
8 1 . ! 
tfe,2 

17,0 
l e . i 
19,« 
19.1 
80 ,1 
17,3 
15.« 
U , S 
18,0 
19,0 
20,a 
) 9 . 8 
1 ^ , ! 
19.7 
19,8 
I T , 7 
17,5 
18,« 
IT,fa 
1 8 . t 
IS.tt 
21.6 
l « , l 
19 ,1 

MEAN 18,a 
( 2 7 1 1 , P S I 3 

STD, t>EV, 1,« 
( 1«8,P8I3 

iA»Mj6A 
««8A 
f 10* 
M534 

••604 
«<«>gA 
«S|4 
^5«H 
•'isa« 

i4.t28B 
«MC8 
' hCj^ 

^H?^ 
"904 
»'5>fe4 
f <??S 

' 1 ooo 
"I|?4 

JB"-^! |«A 
-"'124 
•̂ luaA 
••ibU/k 
«1T«A 
'<t7U4 
"It̂ tta 

'-?oa4 
'V0«4 
"?a?4 
'i?3«4 
'^gjaa 

3A»M(?0B 
MtJJB 
H<»6R 

"lOOS 
^ijga 
M?6B 

3B®Mna8 
•U««B 
MlfeOS 
"17iB 
«17«B 
•i1?«« 

12028 
M2008 

Mzaas 
MgiOB 
M2S89 

«)( 
ttx 
sx 
«)« 
A¥ 
IK 
AX 
ilK 
ilX 
4)( 
«X 
4X 
«)( 
«)( 
All 
i% 
i% 
kt 
kH 
kt 
kt 
k-i 
kt 
kt 
k% 
kt 
kX 
kt 
kt 
kt 
At 
kt 
kX 

&% 
kt 
kt 
kt 
kt 
kX 
kt 
kt 
Ai 
At 
kt 

kt 
k)i 
AX 

>*U 
"tf 
t̂.F 
«U6 
•̂ 1,6 
»lt 
"LE 
«Lf 
MWR 
«te 
*<Uf 
«I.E 
»U 
«ie 
«LE 
MUE 
MUS 
"^It 
"U 
«ut 
MUl 
''LE 
MLE 
MLE 
MLE 
•̂ LE 
'̂ LF 
MLE 
•̂ Lt 
-LI 
•̂ LE 
«LE 
ML€ 
î LI 
Mte 
MLt 
» t̂e 
•̂ LE 
Mte 
Mte 
Hte 
MLE 
MLI 
MLS 
MLC 
MLf 
î Le 
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TABLE 11-7 (Continued) 

L ' n NO. RBCSL5 
LUG NO. fe«8««82 
L06 D | i v8 IT¥ »» MC/M**! 

8PIC, U|A, ****** MM 
SPEC, LENGTH 7fe, MM 

spf-cfMgM nRieh,T« Lnc*» orNSSTv vou^ss »rkM» rRAc» TCN S I L ? 
-. "^Bf» ATi r iN TjnN) tM0 /M* *S )M0D i l LU3 AN|,>'T Tt jHI STS|N(JTH 

{GP45 SET STRAIN {MPA5 
£f»CT5 (PCT) 

tA»fSO* 
t^OA 
F $0A 
t40A 
F. 504 

efeoa 
r ?04 
S8n& 

e'?!)* 
» 11) 0 A 
F ) IflA 
El 2')* 

m » F ! soA 

EI^OA 
FthOA 
f t raA 
eiBOA 
EHOA 
Folios 
F??06 
t??04 
E240A 
ei ao* 
»faio« 

t 4»E|(m 

ESOB 
ftiOB 

^•luuW 
e na-j 
!H"P140H 
F1S0« 
f !6l>rt 
e i 2 0 B 

)«»tl7aa 
EHOH 
E19n« 
? ̂  0 0 B 
F?tOH 
F2^0B 
EajOB 
E?409 

1A-E10B 
ESOB 
E40B 
E70B 
S«OR 
E<?Oft 

l«»tl308 

kt 
AK 
AX 
AK 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
A X 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

IC 
EC 
EC 
IC 
sc 
€C 
EC 
IC 
EC 
IC 
iC 
KC 
EC 
EC 
EC 
IC 
EC 
ec 
sc 
EC 
EC 
EC 
EC 
IC 
fC 
IC 
EC 
SC 
EC 
EC 
ec 
EC 
RC 
IC 
EC 
IC 
BC 
EC 
fC 
SC 
EC 
ee 
IC 
6C 
ec 
EC 
EC 
EC 

HEAN 

STD, D f V , 

I J , ^ 

la.s 
1^ .2 
1 0 , 1 

1 0 , 9 
10 ,1 
t l . O 
1 1 , 2 
10,iJ 

9 . 5 
1 0 , « 
! « . 7 
1 3 , e 
1 0 , 5 
1 } . « 
1 1 . 9 
n,« 
1 1 , « 
t i , « 
1 0 , } 
1 1 , « 
1 1 . ^ 
1 8 , 1 
U . I 
12 ,P 
1 0 , 6 
U . J 
U . 5 
l a , " 
1 2 . 2 
t l . l 

8 , « 
1 « . 7 
U . « 
1 1 , 0 
U . 5 
U . 5 
1 2 , S 
U , 5 
1 2 . « 
1 1 . 6 
I I , S 
I I . T 
U . O 
1 0 , 1 
1 2 , 1 
5 3 , 7 

1 1 , B 
£ 1 7 0 7 , f ' S U 

1.5 
{ 2 1 8 , P 8 U 
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TABLE 11-7 (Continued) 

LOT NOj R«(OLI SPICg OIA^ ###*## MM 
LOG NO* k^BtimBi 8PEC, LENOTH 76« HH 
LOG DENSITY •«• Me/M##l 

SPt'CIHgN ORIihiT* LOC^'* OfNSITY YOUNSS PE«Mi» rRAC« T l N g l L I 
îUHBER 4T|nN T!ON CMS^M#*15MODULU8 AW6NT TU!?E STRENGTH 

C5PAS SIT 8T«&IM C^̂ PA) 
CPCT3 (PCT3 

!««, E9 
g|9 
E89 
£19 
Sa9 
15^ 
f*f 
E79 
ES^ 
E99 
1109 
Ellt 
e!«9 
f 119 
IH9 
ei5^ 
ri69 
E179 

!A«'ei8«» 
tlf9 
1209 
1219 
1229 

East 
E2«9 
E2S9 

R^D f 
»<I0 E 
RAO B 
^AO f 
R40 € 
RAO S 
«A0 E 
R40 E 
R<̂ 0 f 
R^D i 
«AD f 
R40 E 
RAD E 
RAO f 
»A0 S 
RliO 1 
RAP 1 
RAO E 
RAO f 
-RAD f 
«AD 1 
RAO 6 

nm c 
ftA0 1 
«^0 f 
RAD i 

E T,6 
e tl.O 
E f,5 
C TtO 
e u«2 
E 5«2 
1 i3t« 
F lâ z 
1 DtJ 
E IO«f 
i 9,^ 
g IUI 
1 12«9 
E U.'i 
t 15.6 
E 15,2 
E IS,2 
1 H.l 
E lOtI 
1 tl,i 
E 11.2 

1 I0«i 
1 8«S 
e 15.9 
1 i6»8 

MIAN l t « » 
C IT06«P«D 

C ^29,P|D 
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TABLE 11-7 (Continued) 

LOT m^ RRCSL! 8PfC« Ofk^ #•##»# MM 
LD$ NOs ^«8*i«»8i 8f»»EC, LINQTW f l i . Mm 
LOG DENSITY «« M6/Mt*S 

aprciMfKi nsiF'MT's LHC^* DENSITY YOUNSS PCRM« FRAC« TENSILI 
•̂ U«B|R ATIOî  TIOW CMG/Mt*35MOOULUi ANtNT TU^I STRt^CTH 

CSPA5 SIT STRAIN CMPAI 
C^CTJ CPCT) 

SB^'^*^ 
MT9 
MS? 
M99 

M|0«» 
M||^ 
H120 
Ml 19 
M|li9 
M|5<» 
N169 
M|T9 

jAipM|g9 
Hl^f 
M209 
M819 
M229 
M2Sf 
Mjaf 
H259 
Mafc9 
Mi?9 
Mggt 
M2«9 
M30f 
M5I^ 
M3i9 
^ss^ 
M%m 
Mill 

3B* M9 
MIf 
M|9 
M5f 
M«f 

-- p.ŷ  

PAD 
RAO 
RAO 
RAD 
RAD 
RAO 
RAD 
«A0 
RAO 
RAO 
RAD 
^AO 
RAO 
RAO 
RAD 
RAD 
RAO 
RAO 
RAD 
RAO 
RAO 
RAO 
RAO 
fiAD 
RAD 
»A0 
RAO 
«A§ 
RAD 
RAD 
RAO 
RAO 
«A0 
HAD 
RAO 
^AD 

W A N 

fTO» 

^tc 
MLC 
MLC 
^LC 
MLC 
«LC 
^IC 
HLC 
MLC 
MLC 
'̂ LC 
MLC 
MLC 
HLC 
^LC 
MLC 
MLC 
MLC 
WLC 
WLC 
MLC 
«LC 
HLC 
>̂ LC 
»̂ LC 
»̂ LC 
»̂ LC 
MLC 
MLC 
rtlC 
MLC 
MLC 
MLC 
MLC 
NLC 
MiC ' 

DIV. 

6a 
f i t 
9«b 
11.8 
ffl 
lOsO 
*,8 
S,2 
fe.i 
Ttfe 
7,9 
8t3 
9,0 
T«t 
9.8 
fct« 

*t3 

na 
ll»a 
lli6 
tut 
14tO 
11,2 
u^a 
10,8 
lit© 
Hit 
fii 
lOif 
t«« 
lOsS 
io»f 
IU5 
lOtt 
lOs^ 
IJ«l 

C laiT^PfD 

a.a 

11-56 



TABLE 11-7 (Continued) 

LOT NO, miQl) IPECt DIA, * t * * # * MM 
Lfie NOt bUBUmgi $mc, LENGTH 7%, M>̂  
LOe DIN8ITY ••» »««C/M**S 

SPECIMEN ' * 
MttMBtW 

JA^MgO 
Ma6 
MT6 
M22 
MJU 
M8« 
M?0 
mt 
^06 

MI I6 
Miaa 
H120 

SB^MfOO 
MI70 
M140 
N208 
HI78 
M|fl« 
M2ro 
^180 
M|50 
M|28 
M23* 
M24i 

0« I fNT» 
ATIQN 

AX 
kt 
AX 
AK 
AM 
AK 
AX 
AX 
AX 
A% 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AM 
AX 
AX 
AX 
AX 
AX 

^ AX 
^ I ^ ^ S # 0 f P M I 

LOC*** 0IN8ITV MQOULUS Of FLEXURAL 
TinN C«S/M##S? «UPTU»E 

MLi 
MLI 
MLi 
MLi 
MLi 
•«Li 
^L i 
«Li 
«Li 
«Li 
WLi 
HLi 
MLi 
«Li 
MLi 
Mi l 
HLi 
MLi 
HLi 
MLi 
^11 
MLi 
HLi 

_ MLi 
i»^«»«« 

CMPA) 8TRIN8TH CHPA? 
cuNcoRSECTsm icomKiio) 

I ib, 
: 29, 
I 86, 
: 28, 
: 25, 
: a t , 
[ 27, 
• 26, 
E 2 i , 
E 19, 

5 i , 
J 29, 
E 2§, 
r ?9, 
! J« , 

SO, 
5 29, 
^ JO, 
i ' 2§, 
S 29, 
I 10, 
J 27, 
r 2 i , 
L SO, 
» « i l » ^ « » « « i i p « r # « » i » l i i p p < « # « # t | 

,7 51,11 
,« 25 ,2 
,« « 3 . l 
•§ 2«,fe 
i9 21 ,8 
iS 25,S 
,8 a a t i 
,« 1 3 . 1 
J l a , 8 
,S ? 5 t l 
,« 27 ,7 
3 I S , 2 
3 l ^ t * 
,« 241,f 
,3 28«2 
,5 a s . 9 
,5 2 5 . 3 
,# a s t ^ 
,a m,u 
J i%,ti 
,S 8# t0 
,4 | l | , 0 
i f 2 « 3 
,s ^ a6»o 
l<»« i«>@#l t# • # # # « • « » iil*lll«>«»<» 

MIAN a f t l WPA IStO WPA 
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TABLE 11-7 (Continued) 

8PFCIMEN 
»aUMBE» 

EI8 
E?B 
E3« 
e«9 
C58 
l&S 
E7» 

E98 
E!08 
EUft 

mmtisi 
Ei3« 
EUfl 
EI5S 
i!*6 
EITB 
gl«» 
EI98 
E20fi 
e?i» 
lias 
E2ia 
El«« 

LOT 
LOG 
LOG 

f^Og 
N0« 

RPCSL3 
6a»il<i.8i 

S^IC« Dl tA, 
S^ECt lENOTH 

OfNSITY <»« wS/M**S 

nRIENT® 
ATfON 

?S^«8^ 

M SM «fi9 fra ( 
«» «p ̂  ?l? 1 

*8S® ̂  IP R 

AM 
AK 
AX 
AX 
AX 
AX 
AX 
AK 
AX 
AK 
AM 
AX 
AX 
AX 
AX 
AX 
AK 
AM 
AX 
AX 
AX 
AX 
AK 
AX 
AX 

» MB iSI est IK 

8T0| 

LOC**- 0CN8ITY 
TfON (MG/M«*35 

.^•^•^„« •««, 

fC 
EC 
EC 
EC 
IC 
EC 
it 
ec 
EC 
EC 
EC 
EC 
EC 
IC 
IC 
IC 
iC 
SC 
IC 
IC 
EC 
IC 
IC 
IC 

! 

DIV, 

MODULUS OP 
RUPTURI (MPAI 
CUNC0R«fCT|D5 

""a^**" 
2U5 
2Ui 
IS^I 
|9tT 
19,6 
?ai,^ 
l^«7 
20,S 
20,i 
If.l 
2U2 
?U5 
«a«to 
iu,i 
l«8^ 
It,8 
11,8 
20«4 
13,2 
2U8 
lU* 
aost 
a i t i 
I t . I 

*'"""^**2Ui" 
C307t, 

(.)?! 

W ^Bl^tW ̂ » Wf 

M̂ A 
PSD 

M̂ A 
#813 

#**•*# MN 
T^g MM 

"FLIIUSAL 
STflENSTM imk) 
CCQR«fCT£Ol 

nmmmmmmmmmmmm^ 

|f|« 
t«tl 
!fe,T 
litO 
IT,9 
20tl 
i8t0 
I8s4 
ia»i 
t7t6 
1̂ ,2 
I9s4 
ZOtI 
2U« 
ITtf 
IStI 
iUi 
ISgf 
iO,T 
|9tT 
1^3 
te,i« 
20«1 
IT«S 

1%«I MPA 

U S M^A 

c J i f t pan 
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TABLE 11-7 (Continued) 

LOT MO, RffCSL) f P I C t DIA^ # * t * * * MM 
LUS NOt #«»tt«»82 SPEC, L l^aTH f fc , M(^ 
LOS 0CN8ITY ..ti M6 /H* t3 

SPiCI^EN ORIfNTw LOCA" DltMglTY MODULUS 0^ FLIXuRAL 
MU»*iE« ATinw TION CMG/M«*J| RUPTUSE CMPA) STRgMaTW CMFA) 

CU^CORHICTIO) CCORRlCTEf)) 

iR^ E7 
t I T 
E?7 
E37 • 
e«7 
E57 
€67 
EI7 
ESI 
E«7 

HOT 
E l i ? 
l i l t 
e iS7 
E lU f 
E157 
E!67 
E177 

l A « e i 8 7 
E l f 7 

IA-E2y7 
F.2I7 
EI87 
I 2 J 7 

^ I 2«7 
E2S7 

RAD 
RAO 
RAO 
RAO 
RAO 
RAD 
RAO 
RAD 
RAO 
RAO 
RAO 
ffAO 
«A0 
RAO 
RAO 
RAO 
RAO 
RAO 
RAO 
RAO 
»A0 
RAD 
RAO 
RAD 
fiAO 
RAO 

I f 
CI 
Ei 
f l 
El 
f t 
El 
€i 
£i 
11 
m 
Ci 
ei 
f i 
S! 
Ei 
f i 
ei 
f l 
f l 
Ei 
Ei 
ei 
I I 
I f 
11 

.' i f . i 
J 20 ,9 
I 2 U 0 
r 10 ,7 
• lOtO 
r 2 0 , 4 
i ao ,9 
E 2 « t « 
I 2 J . f 
I iu^b 
I ?7 ,# 
E 2 8 , 1 
• i§a 
I mnt 
r i « t i 
^ 27 ,0 
E 2 7 , i 
• 2 8 , 8 
E 2 S . i 
I H t ^ 
r 2U<» 
r t 2 t 9 
r 13 ,0 
! I § t 2 
i l e , ^ 

• « • « « » % » suMss spinas at ̂  * • # « > • « > w « « # « « i 

17 .1 
l i , 5 
IS, f t 
1 8 , J 
I I , S 
i » t t 
18^5 
a o , 9 
2 0 . ^ 
i U l 
ii,9 
a S i J 
i i » « 
20 ,7 
20 t8 
ii^t 
mh 
a i , 7 
2 o a 
t 7 t 7 
l ^«0 
I 9 t 9 
iOgO 
H t f 
| 4 l t ^ 
I S . S 

MEAM 1 1 , 7 MPA aOgJ MPA 
CP14t PSD CatiO, P8D 

•TO, d f V , 1,6 M#A l 8 « MPA 
C S t i i PSD C S S I , PSD 
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TABLE 11-7 (Continued) 

LOT NOs RRCSL) 

LOG DENSITY « • MO/Mt#l 

IPICt D U * ****** MM 
iPiC, LENGTH Tfê  MM 

8PPCIMIN n^lCNT® LOCA* DgN8|T¥ MODULUS Df 
RUP»TUR| CMPA) 
CUNCOR8CCTI0J 

FLi^yw^L 
8TRfN8TH CHPA5 
CCO«RECTeO) 

S8» M7 
Mt7 
M27 
M37 
M«7 
^57 
M§7 
H77 
MS? 
M97 

MI07 
MllT 
M1I7 
Mt37 
Mia? 
W157 
Mlfe7 
M|77 

$4siM|«7 
MJ9T 
M207 
Mgi? 
H8?7 
M237 
M247 
Ma57 
^ibl 
M2f7 
M287 
M297 
H107 
MSI7 
M127 
M117 
«3«7 
MS§7 

RAO 
RAD 
RAO 
RAO 
RAO 
^AO 
RAO 
RAO 
R40 
RAD 
RAO 
RAD 
RA& 
RAO 
RAO 
RAO 
WAD 
RAO 
RAO 
«A0 
RAD 
«A0 
RAO 
RAD 
RAD 
RAO 
RAD 
QAO 
RAD 
RAD 
RAD 
SAD 
RAO 
RAO 
RAO 
RAO 

HLC 
MLC 
MLC 
••*̂LC 
HLC 
HLC 
HLC 
»̂ LC 
HLC 
*^LC 
MLC 
MLC 
WLC 
HLC 
MLC 
MLC 
WLC 
MLC 
L̂C 
HLC 
HLC 
MLC 
MLC 
HLC 
MLC 
MLC 
NLC 
MLC 
HLC 
^LC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 

m^H 

STD, 0|v« 

ik^i 
10,2 
20,1 
2U«-
19,7 
17,6 
?7,to 
20,7 
17,8 
20,a 
iUi 
20«5 
lb«« 
19«« 
Hs& 
I8»« 
ie«2 
if,« 
13.e 
id«^ 
\b,f 
li,3 
19.7 
ll«<» 
80,9 
20.9 
a i t S 
21.7 
2Jt« 
2U7 
IltO 
lf*S 
25*1 
2U8 
SOgl 
2U3 

l̂ «6 
ClftaSt 

It^ 
C 5551 

MPA 
PiD 

M»A 
PSD 

ia,8 
I8«0 
I7«9 
iitS 
I7s« 
l*i|0 
UtO 
I8«} 
Ifetl 
i«*a 
ia»s 
lltZ 
i5«a 
17t5 
17«S 
Id,ft 
u^a 
17»7 
I2«0 
I6t6 
ISti 
16*5 
lUS 
15,0 
1S,S 
18»5 
ao.« 
19*8 
ZOtI 
I9«l 
lf«l 
17,a 
20«2 
19,1 
litl 
ia«a 

I78S HPA 
CISlTt P$D 

U 9 MPA 
C 2758 PSD 
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TABLE 11-8 
ROUND-ROBIN FLEXURAL DATA: CYLINDRICAL SPECIMENS (GLCC DATA) 

LUT ^fp, Uib/^^ 

LUG DENSITY U 7 1 MG/F.'**3 

8P|C» ' J I * . * * * * * * 
8P6C, LENGTH 76^ 

DffllNT. 
ATIUiv 

LOCA. 
T I U W 

' DENSITY f^aouLUS o r 
f»UPTUR| CMPAI 
CUNCuRWeCTftD) 

FL£XU«AL 
STRENGTH CMPA3 

CCORRICTEDI 

SLA« J 

SLAg 3 

M t a 
M«0 
MTO 
l a B 
,.178 

•^ IS 
^50 
^'iftO 

f^i t o 
M U f t 

' I t I a 
H ? 0 6 
M|7 f t 

^ l # l » 
f><2!a 
M l S a 
M | 5 a 

^ i i b 
Hif t fe 

M | 5 ^ 
MSJa 
'^iuo 
»?Ub 

AX 
AX 
A^ 
hK 
AK 
A* 
AK 
AX 
AK 
AX 
AX 
AS 
AX 
AX 
AX 
AK 
AX 
AK 
A» 
AX 
A4 
AX 
AX 

^'LP 
"LE 
MLP 
«LE 
•^L€ 
<%£ 
«Le 
MLE 
^^LF 
'^LE 
MLC 
•̂ L̂E 
^L8 
^LE 
^iLE 
«LE 
^LE 
i^LI 
" L I 
^̂ LE 
f^LF 
MLE 
^Lfe" 

Ml AM 

STD, 0£V, 

2 t t ,9 
2 3 , 1 
ge.tt 
2 5 , e 
?7 .9 
^fe^S 
?5 .6 
27 .2 
28 ,7 
?9«d 
2 9 , d 
S0,& 
30^© 
2 fc , l 
iu,<» 
26,7 
?7,«l 
2e,o 
29, t i 
28^8 
? 7 t * * 
?8,S 
29,U 

? 7 , » 
C1997, 

i . i 
( 107 i 

1 e@tiffin ̂  na s 
»"^ W w w w « 

NPA 
PSD 

HPA 

PSD 

i i , l 
? 0 , 7 
2« t8 
2 U 2 
?4 .2 
23 ,? 
?2,fe 
23 .7 
2#«7 
^ 5 t 5 
2 5 , 5 
2 6 t y 
26 ,2 
^ 2 , 9 
28 tO 
?S ,J 
2St9 
2« t2 
25 ,5 
^ # 9 6 
2 3 « d 
?««5 
2 5 t 0 

2 3 « ^ 
C J « 7 U 

U S 
C 217, 

s® SB *® *il 

MPA 
PSD 

HPA 

PSD 
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TABLE 11-8 (Continued) 

LOT NCU «?&/«» 
L'JG no, bU^Um^i 
inn DENSITY U 7 3 f ' - S / M * * ! 

SPECf 'Hk^ * * * * * * '1M 
Se£C» LENGTH 7 6 , ^ M 

SPECIMEN MSIENT» L«'CA«. DENSITY 
MijMBtB ATION T I O " ( M G / H * * 3 ) 

MODULUS OP 
Ri ipTu^e (r tPA) 
( LNCu f tHE lT fD ) 

FLEXU»AL 
STRENGTH CMPA3 
ccn«RecTP,o) 

SLAB 1 £6 AK 

SLAB 1 

M 6 

t 106 
EU6 
E12I» 
EIJ6 

HSfci 
F. 166 
f. 17» 
ft tfeb 

AM 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AK 
AX 
AX 
AX 
AX 
AX 
A< 
AX 
AX 
AX, 
AX 
Ajr 
AH 
AX 
A^ 
AX 

EC 

ec 
tc 

ec 
tc 
ec 
EC 
EC 
EC 
EC 
PC 
fcC 
EC 
EC 

ec 
EC 
EC 
EC 
ec 
tc 
FC 
EC 
tc 

2U7 

suy 

22«0 

? U 5 

aui 

2 2 , 1 

! 8 , f c 

| 8 « 7 
1 6 i 7 

2 0 , 0 

i 8 i 7 

2Usa 

19,1 

2 U 8 
22«0 
25«8 

1 8 , 5 
1 9 , 2 
18«5 
1**3 
i 6 « 7 

1 7 , 1 

2U8 
1 9 , ^ 

M g ^ M 

8TD. OEVg 

2 1 t ^ f̂ PA 19»7 MPA 
C i l 7 a , P S D C2^58» » 8 D 

2 « i MPA U 7 f«^k 
t $ 2 7 , ^ 8 D C SSOg P S D 
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TABLE 1 1 - 8 ( C o n t i n u e d ) 

LOT NO, 4120/RR 

mu U t ^ S D Y U T 3 "^(s/H** J 
SPEC, LENGTH 7 6 , '̂ -M 

SPtCI'^'E^' .)»1EN7« LUCf.- DENSITY *^U0ULu8 'IF 
huPT'JRE C^PA) 
fUNCORRECTED) 

PLIXUWAL 
STRENGTH (MPA) 

CCO«HfcCTED) 

8LAH I 

SLAB I 

PS 

£25 
£35 
fcaS 
F55 
EfeS 
E7? 

€1 !S 
F1?5 
6 1 55 
E i a S 
fcl55 
1165 
FJ7? 

fc|95 

f^lS 
l??S 
1235 
E?a5 
6?55 

RAD 
RAH 
«A0 
RAD 
R40 
R&D 
PAD 
PAD 
RAD 
RAO 
(?4D 
RAO 
RAD 
PAD 
RAO 
RAH 
RAO 
RAP 
RAD 
i?4D 
R&O 
»A0 
R^D 
»AD 
RAD 
RA5 

M E A N 

6P 
EE 
EE 

EE 
PF 
F6 
PF 
Efc 

Ee 

l e 

I t 
ee 

IE 

et 

&e 
EE 
F£ 

STf)» D iV« 

15 .1 
| r t . ^ 
1 7 , J 
i 6 , £ 
i a , 5 
ii,*i 
2 « . i 
19,6 
^ « . 7 
21 ,9 
I 6 t 2 
2fe»l 
2<4,e 
2« .9 
ast '^ 
?5 .o 
a s , 6 
2 4 , 1 
2 U 0 
i T . e 
2 2 , 3 
1 7 , i 
I d s * 
2 0 , i 
? 7 , 5 
28 .2 

iUQ 
C 3 ! I 0 , 

3.8 
c s s y . 

NPA 
PSD 

MPA 
PSD 

15.9 
lb,i 
15.7 
16,ft 
ife.fc 
19,0 
20^9 
| 7 , S 
? u a 
19,2 
i « , d 
22 ,1 
a u 2 
2 U 3 
ao«3 
2 U 7 
a u 8 
20t& 
!Q,U 
I f e t l 
t9,b 
I5»to 
15,1 
18 tO 
28*8 
23 .« 

l » « ^ 
f 2 7 3 ^ . 

2 .8 
C «U3« 

MPA 
PSD 

KPA 
PSD 
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TABLE 11-8 (Continued) 

LOG HU^ bii^UmBi 
!HG n f N S I T V t , 7 3 MG/M**3 

8 P i C t LENGTH Tfeg »̂ ^ 

«jllMHFe AT I MM 

SL4I4 ^ -I? 
•M5 
- ? 5 
^35 
"as 
'^55 
^.e5 
M75 
^ 'M5 
M U ^ 

^ I f ' b 
^ I S S 
' M ^ 5 
M S 5 
Mt as 

^ ! 6 S 
HI 75 
t. i f t ^ 

SLAB < ^195 
M?rs 
M?I5 
*̂ ^a5 
^'2 35 
M«?^5 
MP5^ 
Mf-feS 
" ? ? 5 
*i^hS 
HgQS 
M^(^5 
M115 
^•S£^ 
M3I5 
H|aS 
M|55 

«A^ 
RAD 
RAO 
rfAO 
QAD 
t?AO 
QAO 
RAO 
RhO 
PAD 
kin 
RAH 
MAD 
»A0 
»An 
RAO 
RAO 
RAD 
4bO 
WAD 
RAD 
»AD 
RAO 
RAD 
RAO 
HAD 
PAD 
RAO 
WAD 
RAO 
î AO 
RAf̂  
KAn 
RAD 
RAO 
RAO 

H|A^-

S T D , 

tmm^^i^ 

LOCA» D E N S I T Y 
T I U ^ CMG/»^«r*55 

'^LC 
'"LC 
^LC 
•"•LC 
^LC 
MLC 
"'LC 
WLC 
^LC 
^LC 
f-LC 
•^LC 
MLC 
' ' LC 
^LC 
^LC 
"^LC 
"'LC 
'^LC 
^LC 
-̂̂ LC 
^LC 
^LC 
WLC 
MLC 
'^LC 
^LC 
MLC 
WLC 
"^LC 
'^LC 
HLC 
MLC 
*^LC 
' ' LC 
*^LC 

D | V , 

MODULUS OP 
ftUPTURE l^'Pk} 
fU^!CO»«ECT|0) 

i U i 
1 7 , 9 
1^ ,2 
17*7 
2 U ^ 
t 8 « 8 
I 3 « t 
2 0 , 6 
iQ^i 
t ^ « ^ ' 
? . ) .7 
| 9 « ^ 
1 8 , 1 
1 5 , b 
1 8 . 7 
1 7 , 7 
I S , 6 
1 f t . « 
I f eg l 
t 6 « 6 
1 & , I 
i a« t t 
i d » 6 
15«& 
19,fe 
2 0 , y 
2 2 t 3 
1 5 , 7 
23,C^ 
1 0 . S 
1 9 , 7 
2 U S 
2 U y 
J O , 9 
I 6 e 7 
2 U l 

i B * 6 
C2fe^9« 

? . « 
C 1 5 0 . 

' ffl' 8Ŝ  (® W 

^ S D 

MpA 
P S D 

FLEJ^UR^L 
STRENGTH (MpA) 

CCOR»6CT6D3 

I f t . f t 
l t j , 2 
1 7 * 2 
l b « l 
1S«7 
16»9 
1 2 , 2 
ib^u 
I 8 t 0 
1 7 , 1 
1 8 , 3 
! 7 « 7 
Ib^a 
l a , 2 
1 6 . 8 
l & t O 
U , 3 
1 5 , 1 
l « , 8 
15^2 
I 3 t ^ 
1 3 , 7 
1 6 , 8 
1^ ,3 
1 7 , 5 
17g8 
1 9 , S 
U , « 
2 0 , 0 

n,4 
1 7 , 6 
! ^ , f 
ia,«» 
1 8 , 5 
t 5 , 2 
1 8 , 7 

1 6 , 7 MPA 
C2422 , P S D 

U 9 f^FA 
C 2 7 a t P 8 D 

11-64 



ROUND-ROBIN FLEXURAL DATA; 
TABLE 11-9 
SQUARE CROSS SECTION SPECIMENS (GA DATA) 

LOG kOo bi*&'4-?2 
•i-ft-fcr h&^*&iJ^ • 

SPEC* LfNGTH S U FM 

S^fLlMEr, 

152 
156 
If D 

163 
172 
176 

2-a« 

ZTf 

216 
ir-2?^ 

232 
^ 23^-

2*40 
^ ^tyi 

2S*P 

^ -2S2 
256 

OPIENT-
hllOH 

Lf"CA- CN^il'^Y KODULUS OF FLEXURAL 

CUNCORRFCTED) ICORPECTLDJ 

AX 
AX-
AX 
-*X-
AX 
*^ 
AX 

• 4 * 

AX 

AX 
. AX~ 
AX 
AX-
AX 
AX 
AX 

AX 

AX 
AX 
AX 
_AX. 
AX 
AX^ 
AX 

LC 
-tr
ee 
-€€ 
if 

( c 
-EC 
FC 
k£-
LC 

r ^ 

tc -
EC 
fC-
LC 

. -tC- -
LC 
CC-
EC 
LX- -
f C 

rc 
X-C-

AX 
.AX. 

tc 
XC--
LC 
xc^_ 

2 6a 

272 
214. 
280 

AX LC 

AX 
AX. 

£C 
--LC-

1 7 ,6 
- 2 J i ^ l 

2 8 * 5 
?s»* 
ZH^B 

^ ,. ^2 3^,^ 
16»9 

— ?-&-̂ -& 
19,«4 
21»5 
23«2 

^ ^ ^ . . 2 2 , ^ 
2L «4 
2 1 * & 
2 5 . 2 
^2^i^ 
2 t « a 

- 2 3,«.7 
25.c : 
2:?»2 
2 7 . 6 

- 2 - 2 ^ 
23,t4 

_ 2S-Ji^ 
26«Q 

_ - . 2 i * ^ 
2 7 * 1 
^ X ^ l 
30»8 
2~U-«^^ 
27»8 

. ^Q^l-
? 5 » 6 

- - 2Z*2t-
AX EC ?7»8 

MEAN 2^4,6 HPA 

.SXo.̂ 4}4-V-*- 5-»4—M^A— 
f «f7?, PSIl 

.--2^S MPA-
535« PSIl 

11-65 



TABLE 11-9 (Continued) 

LCG N O . 6%F«»-P2 
. _ - . 4 - ^ C » -

SPEC* 
01 
LfNGlH ^ l e MM 

SPECIMLN 

3 A - 6 

12 

22 
„ . , 2 4 

28 

^ 32 
3P 

., - ^ ,»> *̂  

5£ 

4 4 
6£' 
7 8 

O Q I E N T - L O C A - D E N S I T Y 

^ 6 ^ 

S2 
8«4 

914 

96 
„ 9 S 
IOC 
I I J 
1 1 2 
1 1 ^ 
1 1 6 
1 1 £ 
13C 
1 3 2 
1 3 6 

- X 3 & 
I f f f i 

MODULUS OF FLEXURAL 

n J N r O P « F C T E D » fCORRECTFD) 

AX 

AX 
AX-
AX 

HLC 

^LE 

FLE 

AX 
AX-
AX 
AX 
AX 

i^'LE 
-J*L€-

»'LF 

»^LE 

AX 
AX-^ 
AX 
AX-
AX 
A X -
AX 
AX -
AX 
A X -
AX 

AX 
AX 
AX 
A X -
AX 

M L C 

^•Lr 

*'LE 

f ' LE 

HLE 

HLE 

FLE 
I t i f 
F L F 

A X — _.li l,£_-
AX HLE 
AX Ji-LE-

^»LE 
MLE--

AX FLE 

AV 

3 7 . 2 
3-5^1 
3«4,0 
34-*7 
"52.5 
3-5^7 
3 1 . 7 

^ 2 . 1 
1 1 * 2 
3 5 . 7 

3 « i . 5 

3 2 » 7 
5-«f^7 
3 3 . 6 

3 0 , 2 

3 3 . a 

33»d 

za^ 
3 6 , 6 

2 6 , 5 
XI *0 
3«4*2 

MEAN 

3 5 . 3 

35»5 
^ : | - ^9 
30««* 

3 3 » 3 HPA 

2 8 , .5 
-27^-5. 

.0 
2^«? 

25 , 

• 2 

.7 
?7*B 
?6 . 
2 5 , 
^ 7 , 

• 0 

.& 
,9 

27*4 
27 , 
?t*, 
?b, 
? 7 , 
26 , 
?S, 
Z**. 
2S, 
7 6 , 
2 7 , 
2 6 , 

,2 
,h 
.3 
• 3 

,e 
»c 
, 9 
• « 

,9 
. i 
.9 

2S*0 
•>P , 

2 6 , 
' 2 , 

,2 
.g 
»fe 

2S»4. 
7 7 , 
2 7 1 
• '7, 

. 1 
• ? 

,6 
«-*4-
7 7 , ,7 
? * *A 
2 5 , ,0 

2 6 , 6 HPA 

I 3«4U P S I l f 18*»» P S I l 
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TABLE 11-9 ( C o n t i n u e d ) 

-~4.-^1 
LOG 

.5,Pt^.,..-.©4.A^ 
NO, 6^8««-?2 SPEC* LENRTH 51 HH 

-M.e./#4i*-J_ 

SPLCIHEK' 
U-K-BXi-

ORIENT- LDCA» DENSITY MODULUS o r FLEXUPIL 

CUNCOPRECTrOI ICORRECTEDI 

1B-1«I7 RAD 
-CA-& 

MEML 

STO« OEV» 

-ZJ-^M-MBA. 
I^O«45e P S I l 

MPA 
£SX1-

-Zi-tnO-MBA-
f 3 i 8 7 « P S I l 

2 » 5 
- J M U - MSIX. 
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TABLE 11-9 ( C o n t i n u e d ) 

4̂ 41 :f_._W-CU-~*P4-64X - S * t ^ ^ - - # 4 4 ^ 
LOG NO, 6S|faS4-82 S P E C , LENGTH 

-M.C./ l i**J-

-4-,r#--##-
MM 

S P E C I M L N ORIENT- LOCS- MODULUS 

lltNCORRFCTEDI 

FLEXUPAL 

fCORf?rCTEDI 

.BLML .ZU^^MMJk 

STD* OEV, 

1 3 1 3 3 , P S I l 

3 a MPA 

WH^A—MEA -
1 2 6 6 2 , P S I l 

2 * 1 HPA 
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TABLE 11-10 
ROUND-ROBIN FLEXURAL DATA; SQUARE CROSS SECTION SPECIMENS (GLCC DATA) 

SPECIHEN 
^UMBER 

l A - E8 

E2H 

E«4 8 

E6=^ 
^.E7e 

E8fo 
_ £ 9 1 „ 

E108 
E118 

i B - E i r a 
E i 3 8 
Ema 
E l s e 
E168 
E178 
F188 
£198 
Ezns 
E21? 
EZ2B 
E238 
E2«»8 

, L.Q.I ,M.C)„f,...R..RJ,,5LJ„., SPEC* D I A , * * . * « * * m. 
LOG NO, 6H8«t-8? SPEC, LENGTH 7 6 , HM 
LOG D E N S I T Y . - - MG-/M.**3 

ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL 
A limt. UQlL^iMRJJl^±IJ. ^^^UEJiMBI^^±ti.eAl SI REN GIJHL JJd P -̂J 

CUf^CORRECTEDI fCORC?ECTEDl 

AX EC 2 5 , 2 2 2 , 3 
AX -EC 2 0 , 2 18«*l 
AX EC 1 9 , 9 1 8 , 1 
AX EC 1 7 , 1 1 5 , 8 
AX EC 1 8 , 5 1 7 . u 
AX E.C 1,6^.4 1 6 . 9 
AX EC 2 1 , 0 1 9 , 1 
AX _ XC_- J.-S-AS ^ . H ^ h ^ ^ 
AX EC 1 9 , 3 1 7 , 6 
41 £ £ ^ - XS^9. _ . _ . Al^J, .^ 
AX EC 1 8 , 1 1 6 , b 
AX EC 2 0 , 0 1 8 , 2 
AX EC 2 0 , 2 18,i4 
AX EC 2 1 , 3 1 9 , 3 

AX EC 18, i» 1 7 . J 
AX EC 1 8 , 7 1 7 , i 
AX EC . ..„ 2 2 , 4 2 0 , 1 . 
AX EC 19,«4 1 7 , 7 
AX EC 2 1 , 8 1 9 . 7 
AX EC 2 0 , 5 1 8 . 7 
AX EC 2 0 , 3 1 8 , 5 

AX EC. 2.1.,2 _._.. ...1.9.2. 
AX EC 1 8 . 0 1 6 . o 

MEAN 2 0 , 0 HPA 1 8 , 2 MPA 
C 2 8 9 7 . P S I l 1 2 6 3 9 , P S I l 

STD, DEV, 1 ,8 HPA 1 , «4 MPA 
f 2 6 U P S I l 1 2 0 8 , P S I l 
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TABLE 11-10 (Continued) 

LOG 
M£U,^ MKL&Ll-
N O . 6 £ « 8 « - 8 2 S P E C LENGTH 7 6 , HM 

jminifjLi 

SPECIHEN O R I E N T - LOCA- DENSITY HODULuS OF FLEXURAL 
i^yMBER l l l i m . - . JIXQN iMil/M*jS.J_L_ ^RliP-lJJfif: LMBll..STaE-MGIM_XllPJLJ 

lUNCORREcTEOI ICORRECTEDI 

AX 
A-X 
AX 
^X_^ 
AX 

- Al . 
AX 

AX 
-AX _ 
AX 

AX 
AX 
AX 

^„AX-
AX 
.AI„ 

HLF 
^LC 
HLE 
HLE 
HLE 

. J I L L . . 
HLE 
J l L t _ 
MLE 

HLE 
. „ l iL£_ 

HLE 
_ MLE 

MLF 

HLE 

. .JJLL^. 

2 5 , 2 
2J.iL 
2*4 ,9 

2««.«+ 

22.2 

? 2 . G 
2 1M iL „ 
2 1 , 7 
Z«L«J. 

2 6 . 2 

2 7 . b 
ZXJ..5.. 
31 ,< * 

2 3 , 
2Z* 
2 3 , 

. „ 2 i ^ 
2 6 . 

^2iU 

w 

' M 
i & 

uS_ 
>5 
:,i 

2 6 , 8 

AX 

AX 

A X 
AX 
AX 

MLE 
^HLJ 

HLF 
_ J i L F 

MLF 
....HLE, 

2 6 , 6 
ULJLI 

2 8 , 7 

23.«* 
2 3 , . 2 
2 7 , 0 
2JLM2 

2 ' * , i 

2 3 , 2 

7 4 , 8 

2 7 , 2 • ?3 ,7 

.2iLti. 

MfAjN_ 

S T D , DEV, 

- 2 i t i L J ! P A _ 
I 3 0 7 7 , P S I l 

1 , 8 HPA 

21^^ MA 
I 3 « I 5 5 , P S I l 

U 3 MPA 
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TABLE 11-10 ( C o n t i n u e d ) 

LOG NO, 6»*8«-82 
-.^££L^.Ji±kM^ ,*****Ji..-i?.A. 
S P E C LENGTH 76 MM 

J 1 £ . ^ 1 * . M . 

fPECJMEN 
i«UMMi? -

O R I E N T - LOCA- DENSITY MODULUS OF 
MIPJmfi£^_LMPO 
tUNCORRFCTED) 

FLEXURAL 
STREHHJIL LUEAI^ 

ICORPFCTFOI 

I P - E7 
E17 
£27 
E37 ^ , 
Etf7 

^L5.7 „ 
£67 

_. _ L I J . 
E87 
£97 

E i r ? 
E117 
F127 

_,.. E i l J ^ . 
F l # 7 
E157 
E167 
E177 

1A-E187 
E197 

1A-E2G7 
E217 
E227 
E237 
F247 
E257 

RAD 
RAD 
RAD 

.. fiJ^P , 
RAD 
EIR^. . 
RAO 

-,M_CL 
RAD 

.BAD^-
RAD 
RAO 
RAD 

. .^AD^ 
RAD 

_RAn 
RAD 
RAO 
RAD 
RAD 
RAD 
RAP 
RAD 
RAD 
RAO 
RAD 

HEAN 

STD, 

EE 
EE 
EF 

^X£ , -
EF 

. £ £ _ „ . „ . . _, 
EE 

. LSL, 
EF 
££_ .̂  . ., ^ 
EE 
EF 
EE 
£E 
EE 
EE 
EE 

FE 

EE 
, X i L _ _ . -

EE 
EF 
EE 
£E 

DEV, 

1 8 , 0 
13.*. J 
1 9 , 7 

X9-t.5 „ -_ 
1 8 , 8 

A^^^Z. 
1 9 . 6 

-- ZIMJ^ 
? 2 , 5 
2 3 ^ 1 . 
? 5 , 8 
2 6 , 5 
2 6 , 6 
ZZJO-^^ 
? 2 , 8 

2 5 , 5 

2 1 , 7 

2 y , 3 
2 .U^ ^ .. 
2 1 , 7 
IS.*.1 .. 
2 8 , 3 
2 6 . 5 

2 ^ , 3 HPA 
C3232 , P S I l 

J,<4 HPA 
1 * I 8 8 , P S I l 

16 ,2 
17s6 
1 7 , 6 

. ^17.Ji__, 
1 6 . 9 

„-_LI-*2-.. . 
1 7 . 5 

-xC. j i ^ . 
19.fc 

^ - ^ i j « l 
2 1 . 9 
22.3 
22,^4 
1 9 _ ^ ^ . __ . 
1 9 . 8 
2 1 . 6 
7 1 , 7 
2.-2, 7 
1 9 , 1 

,, JA*J . 
1 8 , 1 

.. J-8*^ .̂ _ 
1 9 . 1 
i t i J . ™_ 
2 3 , i f 
2 2 . 3 

19,«l MPA 
C 2 8 1 U P S I l 

2 , i f MPA 
C 3«*6, P S I l 
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TABLE 11-10 (Continued) 

___ L0TJiO.s__R£.l£U - S££LJ,.^IA^ .***«.*_JIB. 
LOG NO. 6«48««-82 S P E C LENGTH 7 6 , MH 

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL 
hUMBLR fiJIQfL IXilM-LMIiyM**3X, _fiUPJLlJLe.E_ t t t P l i ST.£EJ«G.Ibl _tJlPjLl 

lUHCORRECTLDI ICORRECTEDI 

3 8 - M7 

, nn 
M27 

_ M3 7 
M^7 

.E5 7 
H67 

J17? 
H87 
E 9 7 

M l 0 7 
M l i 7 . 
Ha2 ? 
M 1 ^ 7 
M l i } 7 
M i 5 7 
M 1 6 7 

_M i7 7 
3 A - H 1 ^ 7 

M19 7 
M207 

_MJ 1 7^ ^ 
M 2 2 7 
N 2 3 7 
HZ**? 
M 2 5 7 
M 2 6 7 
M 2 7 7 
M 2 8 7 
H 2 9 7 
M 3 n 7 
M317 
M327 
M 3 3 7 
H 3 ^ 7 
H 3 5 7 

RAD 
R I Q .^ 
RAD 
BAD. -
RAD 

MLC 
MLC _ 
MLC 

.33J1 _ 
MLC 

RJIL.......M.LC - . 
RAD 

J I C L _ 
PAD 

Km 
RAD 
RAD 
RAD 
RAO_ _ 
RAD 
RAD 
RAD 

- .R.m 
RAO 
R M . _ 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAO 
RAO 
RAD 
RAD 
RAD 
RAO 
RAD 

HLC 
- P L C _ _ 

MLC 
H i X _ .̂ _ 
MLC 
HLC 
HLC 
Hi£ 
MLC 

...-MLC 
HLC 

m^ 
HLC 
MLC _ 
MLC 
MLC 
MLC 

MLC. 
MLC 

JUS 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 

1 5 . 3 
1S.«X 
1 8 . 9 

_ ._2L.* 1 
1 8 . 5 

. -^^JM-MJI. 

1 6 , 6 
15.^5 
1 6 . 7 
l a^G 
7 0 . 1 
1 9 , 3 
1 5 . 9 

, 1&-.UC 

1 8 . 5 
- JLUA. ^ 

1 7 . 2 

_ _ J J . * X -
1 2 , 0 

J i ^ * £ 
15 ,7 

__U_^I„ 
1 8 . 5 
1 3 , 1 
1 9 , 6 
1 9 , 6 
22»^ 
2l»^ 
2 2 , 0 

2a.^ 
2 0 , 7 
i a , « 4 
2 1 , 9 
2 0 , 5 
1 9 , 1 

. . ^ 2 0 ^ „ .^ 

1 4 . 0 
.-^ 12«..G_ 

1 7 , 0 

_ u^a^ 
1 6 , 7 

15.»J^ 
1 5 . i 
U.^^ -
1 5 , 2 
1 7 . ^ 1 _ . . 
1 7 . 9 
1 7 . 3 
1«4.6 
LLj.k^^ 
16, to 

_. i&.*jr.. 
1 5 , 6 

„ A 6 i a J . 
n . 3 

^ IS^ l . . ^ _ 
i*»,«4 

_ U L i . r 
1 6 , 7 
1 2 , 3 
1 7 . 5 
1 7 . 5 
1 9 , 6 
1 8 . 9 
1 9 , 3 
l b , l 
1 8 , 3 
1 6 , 6 
1 9 , 2 
1 8 , 2 
1 7 . i 
1 7 , 8 

MEAN- ,- _ „ JL8j t5^ i lPA . l f e j i ^ J i P l _ 
1 2 6 8 0 , P S I l C2^G8. P S I l 

STD, DEV, 2 . 3 MPA 1»8 HPA 
^ .«_13iLi_±MJ L.JM.M..^£M1 

11-72 



TABLE 11-11 
SUMMARY OF FLEXURAL STRENGTHS OF PGX GRAPHITE 

(Log 5484-112, Lot 805-3) 

Slab 

Top 

Middle 

Bottom 

Flexural Strength (MPa) 

Axial 

Center 

X 

15.8 

15.3 

14.1 

a 

1.2 

0.9 

1.3 

Midradius 

X 

16.1 

15.9 

13.3 

o 

1.0 

0.8 

1.0 

Edge 

X 

16.0 

16.8 

14.3 

a 

0.9 

0.8 

1.1 

Radial 

Center 

X 

15.1 

14.3 

14.1 

a 

1.8 

2.2 

1.7 

Midradius 

X 

15.5 

15.7 

13.9 

a 

1.8 

1.5 

1.1 

Edge 

X 

16.6 

17.1 

13.5 

a 

1.2 

1.6 

1.9 



TABLE. 1 1 - 1 2 
FLEXURAL STRENGTH OF PGX GRAPHITE 

LOT NO. 8 D 5 - 3 SPEC, DIA« 6.«* HH 
LOG MO. 6»t8* l -112 SPEC. LENGTH S I . MM 
LOG DENSITY 1.78 HG/M**3 

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL 
NUHBER ATION TION CHG/M* *3 I RUPTUPE CHPAI STRENGTH IHPAI 

CUNC0RRECTED8 fCORPECTEDI 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 

1 9 . 7 
1 7 . 5 
1 6 . 7 
1 8 . 0 
17.«• 
J J f l 
18.6 
1&..3 
17 .3 
16.0 
19.C 
l i t J 
20 .3 
211^1 
2 1 . 1 

^ i 9 „ . 6 _ 
19 .6 

^. l?_iJL 
16.8 
18,8 

16.8 
15.3 
I t * .? 
15.6 
15.2 
15^AQ 
J 6 , l 
I 5 i 9 
1 5 . 1 
l«4.8 
16.3 

.. . ISjtJi. 
17 .2 
1 7 ^ 
17 ,7 
16,7 
16 .7 

. l l j t f i 
l i s . 8 
1 6 . 2 

HE AN ^ 18.i5,J4^A ^ JAi iO. MP A 
1 2 6 8 8 , P S I l f 2 ' ^ 2 C . P S I l 

s fD . "~DEV. ^ ~ ' ' " i . % MPA~ " . 9 HPA 
1 196_«L_P3JL LU±> PS1> 

lAE 

IBE 

IBE 

56A 
56B 
58A 
58B 
62A 
62B 
68A 
68B 
70A 
70B 

128A 
128P 
130A 
13CB 
13£^A 
1 3 H P 
1«40A 
1<40B 
142A 
1%2B 
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TABLE 11-1Z (Continued) 

LOT^NO, 8 0 5 - 3 
LOG NO, 6^8««-112 
LOG OENSIT¥ 1 ,78 

SPEC. 
'SPEC 

0 1 A. 
LENGTH 

6 . 1 
5 1 . 

HM 
HM 

M8/H**3 

SPECIHEN 
KUMBER 

ORIENT
ATION 

LOCA- DENSITY 
TION I M G / W * * 3 I 

HODULUS OF FLEXURAL 
RUPTURE IMPAI STRENGTH fMPAI 
lUNCORRECTtDI fCORRECTEDI 

lAY 

IBY 

IBY 

36A 
36B 
38A 
38_B 
'42A 
4*28 
t|8A 
48B 
50A 
50B 

108A 
108B 
l l O A 
H O B 
114A 
11»*B 
120A 
120B 
122A 
122B 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
'AX 
AX 
AX 
AX 
"AX 

AX 

MFAN 

EM 
EH 
EH 
EM 
EH 
EH 
EM 
EM 
EH 
EM 
EH 
FH 
EM 
EH 
EM 
EH 
EM 
EM 
EM 
EM 

STD, DEV. 

16.7 
?2,C 
19.5 
19.»̂  
17.1 
16,«» 
18.9 
19.2 
19,6 
19,*« 
19,5 
19,8 
18,1 
16,3 
17.5 
20,7 
19,5 
17.9 
15.8 
18.0 

lfe,7 
12707. 

1,5 
« 217, 

' — 

" 

_ 

MPA 
PSIS 

MPA 
PSIl 

1««.7 
18,3 
16,7 
_L6,6 
15,D 
14,5 
16,3 
16,5 
16.7 
16,6 
16.7 
16.9 
15.7 
15,8 
15,3 
17,5 
16,7 
15,6 
11,Q 
JS,6 

16,1 
12333. 

„ ^ 

t 152. 

~ 

HPA 
PSIl 

MPA 
PSIl 
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TABLE 11-12 (Continued) 

LOT NO, 8D5-3 
LOG NO, 6 « 8 1 - 1 1 2 
LOG DENSITY 1 .78 

SPEC, 
SPEC. 

D I A , 
LENGTH 

M6/M**3 

1*^ 
5 1 , 

MM 

SPECIMEK 
NUHBER 

l A C 

I B C 

. . . IBC . 

1 O R I E N T 
A T I O N 

12A 
1 2 6 
IDA 

13B 
16A 
16B 
2'«A 
2 ^ B 
26A 
2 6 8 
32A 
3.2 B 
8 8 A 
8 8 B 
8 6 A 
8 6 B 
8 0 A 
8 OB 
9 6 A 
9 6 B 

102A 
102B 
l O i l A 
l O H B . 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX.. 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
A X . 
AX 
AX 
AX 
AX 
AX 

^^ ^... 

L O C A - D E N S I T Y 
T ION « H 6 / M * * 3 ) 

EC 
EC 
EC 

EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC , . .^ . . . 
EC 
EC 
EC 
EC 
EC 
EC 

MODULUS OF 
RUPTURE I M P A I 
tUNCORRECTEDI 

1 9 , 1 
1 8 . 6 
1 5 . 8 
1 9 . 1 
1 8 . 6 

. 2 i , J 
1 7 , ' * 

_ 1 6 , 7 
1<».6 
18 ,7 
1 6 , 9 

. „ l i L ^ .. ... 
1 6 , 9 

_ 19*7 . 
16 ,9 
2 1 . i s 
1 7 . 5 

, .^ _ J ^ A S -
1 6 , 9 
1 8 . 8 
1 9 , 1 

? Q . . « l 
1 8 . 9 
1 6 , 8 

FLEXURAL 
STRENGTH I H P A I 

fCORRECTEDI 

! 6 , 5 
1 6 , 1 
l « l , l 
1 6 , 5 
1 6 . 1 

_. 1 7 , 8 
1 5 . 2 
l * i i t 8 
1 3 , 2 
J 6_t̂ 2 
1<«,9 

. ..Ab-^. „ 
1«* ,9 

liLM3^. 
l ' * ,9 

_ __A8_iJ ^ 
15,% 

. . 1AM& .. 
l « f , 9 

__16j3 
1 6 , 5 
I I S L I ^ „ _ 

16,4» 
1««...8 .... 

MEAN _^ 1 8 ^ 1 _MPA _ 
1 2 6 2 8 , P S I l 1 2 2 8 9 . 

MPA 
P S I l 

STD, DEV, 1 .6 MPA 1.2 MPA 
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TABLE 11-12 (Continued) 

LOT NO. 8 D 5 - 3 S P E C . ^ D I A . 6 , «! MH 
LOG^NO, 6 '48«»»H2 S P E C . LENGTH 5 1 , ' MM 
LOG DENSITY 1 , 7 8 M 6 / H * * 3 

SPECIMEN O R I E N T - LOCA- DENSITY MODULUS 0> FLEXURAL 
NUMBER ATION TION fM6/M* '^3 l RUPTURE _ l HPA I STRENGTH IHPAI 

CUNCORRECTEDI fCORRECTEDI 

20Q^A AX 
2 0 0 B AX 
2Q2A AX 
2Q2B AX 
2D6A AX 
2 0 6 B AX 
2 1 2 A AX 
2 1 2 B AX 
21'?A AX 
21%B AX 
270A AX 
27QB AX 
2 7 2 A AX 
2 7 2 8 AX 
2 7 6 A AX 
2 7 6 B AX 
2 8 0 A AX 
28QB AX 
28 2 A AX 
2 8 2 B AX 

MLE 
MLE 
MLE 
MLE 
MLE 
HLE 
MLE 
HLE 
HLE 
HLE 
HLE 
HLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
HLF 
HLE 

1 9 , 2 
1 7 , 6 
2 1 , 8 
1 8 , 1 
1 7 , 8 
1 9 . 0 
1 9 , 7 
1 9 . 2 
1 9 . 5 
1 8 , 6 
2 0 , 3 
19,«4 
1 9 ' , f 
2 1 , 0 
1 9 , 5 
1 9 . 9 
1 8 , t » 
2 0 , 9 
2 U , 0 
1 8 , 9 

1 6 , 6 
1 5 , 5 
18,«4 
1 5 , 9 
1 5 , 7 
1 6 . 5 
1 7 , u 
1 6 , 7 
1 6 , 9 
1 6 , 2 
1 7 . ^ 

1 6 , 6 
1 7 , 9 
1 6 , 9 
1 7 , 2 
1 6 , 1 
1 7 , 9 
1 7 , 2 
1 6 , 1 

MEAN 1 9 , 1 HPA 1 6 , 8 HPA 
1 2 8 1 5 , P S I l ~ 1 2 1 3 1 , P S I l 

S T D , OEV^ " 1^,1 ^f^^'" " ^ Q i^p^ 

I 1 5 7 , P S I l !.. 1 1 0 , P S I l 
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TABLE 11-12 (Continued) 

LOT NO, 8 D 5 - 3 
LOG NO, 6 1 8 1 - i r 2 
LOG DENSITY 1,78 

SP1,C, 
SPEC. 

DIA, 
LENGIH 5 1 , 

HH 
MH 

H 6 / M * « 3 

SPECIMEN ORIENT- LOCA- DENSITY 
N U M B E R ATION TION f M G / H * * 3 l 

MODULUS OF FLEXURAL 
f?.L!PTURE .I HPA I S TRENGIH ^ I.HPA I 
tUNCORRECTEDI fCORRECTEDI 

6AY 

6BY 

6BY 

Y 180A 
180B 
182A 
182B 
186A 
186B 
192A 
19 2 B 
191A 
.19 IB 

y 250A 
2506 
252A 
252B 
256A 
256B 
262A 
261B.,. 

Y 261A 
26IB, 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX. 
AX 
A.X.̂ ,.. 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
A..X^.,. 

MLM 
MLH 
MLM 
MLH 
MLM 
HLM 
MLM 
HL.H 
MLH 
M.IM 

MLM 
MLM 
MLM 
HLM 
MLM 
MLM 
MLM 
Mi.M 

MLM 
-. M LH 

1 9 . 8 
1 9 , 8 
1 9 . 3 
16.. 2 
1 8 . 8 

...^„.18...1 
1 8 , 9 

„̂ ,.,.̂  M. , . l 
1 8 . 6 

...1,6L*.6. 
1 8 . 6 

..J.Xi.6^. 
1 8 , 0 

.,..._ 16....?.. 
1 7 , 1 

.,.._ 18ju7_. 
1 6 , 7 

17 .7 

M£,A.M i,ft.* ,̂ .api.^ 
1 2 6 3 9 . P S I l 

1 5 ^ . ...HM 
1 2 3 0 0 . P S I l 

STD, DEV 1 ,0 HPA 
..J..,..152_i...._,PSlX 

, 8 HPk 
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TABLE 11-12 (Continued) 

LOT H0» 8D5 -3 
LOG NO. 6 1 8 1 - 1 1 ? 
LOG DENSITY 1,78 

SPEC, 
S P ' E C ' 

D I A , 
LENGTH 

HS/H* '^3 
5 1 , 

MH 
MH 

SPECIMEN ORIENT- LOCA- DENSITY 
NUMBER ATION TION f M G / M * * 3 l 

MODULUS OF FLEXURAL 
RUPTURE IMPAI STRENGTH fMPAI 
tUNCORRECTEDI fCORRECTEDI 

6AC 

6BC 

6BC 

151A 
151B 
156 'A 

156B 
16aA 

171 A 
171B 
176A 
176B 
168A 
168B 
221A 
221B 
226A 
226B 
232A 
232B 
236A 
236B 
238A 
238B 
211A 
211B 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

'AX 
AX 
AX 
AX 
AX 
AX 

MLC 
MLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 

l b . 8 
1 9 . 1 
16,5 
17 ,0 
17 ,7 

11 .2 
16 .9 
18 ,6 
18,6 
18 ,9 
18 .7 
1 7 , 1 
1 5 , 1 
17 ,8 
18 ,2 
18 .2 
16 ,9 
17 ,2 
17 .3 
16 ,9 
18 ,9 
18 ,5 
17 ,0 

17 ,6 
12550, 

1 .3 
l_181_,_ 

-

— 

- -

-

MPA 
PS I l 

MPA 
PS I l 

11.8 
1 6 , 1 
11,5 
11,9 
1 5 , 1 
16,7 
12.6 
11 .8 
16,C 
16,G 
16 ,2 
1 6 , 1 
15,2 
13,5 
1 5 . 1 
15.7 
15,8 
11,8 
15 ,0 
1 5 , 1 
11,8 
16 ,2 
15 ,9 

_ J 1 , 9 

15,3 
12218. 

, 9 
1 133, 

MPA 
P S I l 

npfi, 
_PSI I 

MEAN 

STD, DE¥, 
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TABLE 11-12 (Continued) 

LOT NO, 8 D 5 - 3 
LOG NO, 6 1 8 1 - 1 1 2 
LOG DENSITY 1,78 

S_PEC, 
SPEC, 

01A . 
LENGTH 

MG/M**3 

6 , 1 
5 1 , 

MM 
MM 

SPECIMEN 
NUMBER 

ORIENT
ATION 

LOCA- DENSITY 
TION IM6/M**3I 

HODULUS OF FLEXURAL 
RUPTURE IHPAI STRENGTH IMPAI 
lUNCORRECTEDI fCORRECTEDI 

12AE 

12BE 

12BE 

310A 
310P 
312A 
312B 
316A 
316B 
352A 
352B 
351A 
351B 
112A 
112B 
111A 
1J1B 
118A 
118B 
«21A 
1?1B 
126A 
126B 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 

1 7 , 1 
1 1 , 1 
1 1 , 1 
1 5 . 6 
1 7 , 1 

^^ l±t 5 . 
1 5 . 7 
J 1 . . 8 
1 5 . 3 

_. J^AiL^ 
1 8 , 9 

. 1S^.«1 
1 7 , 3 
1 1 • 5 
1 7 . 1 

.. J 1 . 3 
1 6 , 6 

A § J A . . 
1 7 . 3 
1 6 , 7 

1 6 , 3 MPA 
1 2 3 6 9 , P S I l 

i , 5 HPA 
1 2 2 1 , P S I l 

1 5 , 1 
1 2 . 7 
1 2 , 7 
1 3 . 8 
1 5 , 1 
l i * .5 
1 3 , 9 
13., 2 
1 3 , 6 
1 6 . 1 
1 6 . 1 
!3j!,6 
1 5 , 0 
1 2 . 9 
1 5 , 2 
IZ^»3 
1 1 , 5 

„ L S j j i . . . 
1 5 , 0 
1^JL3 

1 1 . 3 MPA 
1 2 0 7 7 . P S I l 

^ITi HPh 
f 1 6 5 , P S I l 

MEAN 

STD, DEV. 
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TABLE 11-12 (Continued) 

LOT NO. 8 0 5 - 3 _SPEC« DIA* . 6 . 1 HH 
LOG NO, 6 1 8 1 - 1 1 2 SPEC, LENGTH 5 1 , MM 
LOG DENSITY 1,78 MG/H* *3 

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL 
NUMBER ATION TION f M G / M * * 3 l RUPTURE IMPAI STRENGTH IMPAI 

tUNCORRECTEDI fCORRECTEDI 

320A 
320B 
322A 
322B 
326A 
326B 
332A 
332B 
331A 
331B 
392A 
3928 
391A 
391B 
398A 
398B 
101A 
101B 
106A 
106B 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

EH 
EM 
EM 
EM 
EM 
EH 
EM 
EH 
EM 
EM 
EH 
EH 
ZH 
EM 
EM 
EM 
EM 
EM 
EM 
EM 

16.2 
13,7 
16,3 
15,8 
13,6 
11.7 
11.2 
IS,5 
12.9 
13,3 
16,6 
15,7 
"l3.7 
13,8 
11.8 
13,2 
16,2 
15,1 
17,5 
16.1 

11,2 
12.3 
11.3 
13,9 
12,^ 
13,1 
12.7 
13,7 
11.7 
12,0 
11.5 
13,9 
l2,3 
12,1 
13,2 
U.9 
11,2 
13,1 
15,1 
11,2 

MEAN 1 1 . 9 HPA __13,3 HPA 
1 2 1 6 8 , P S I l 1 1 9 2 3 , P S I l 

STD, DEV, ~ " l , 3 MPA " " " " " l . - Q HPA 
I 1 9 5 , P S I l I 1 1 8 . P S I l 
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TABLE 11-12 (Continued) 

LOT NO, 8 0 5 - 3 
LOG NO", 6 1 8 1 - 1 1 2 
LOG DENSITY 1,78 

SPEC, 
SPEC, 

DIA, 
LENGTH 

M6/M**3 

6.1 
51 . 

MM 
MM 

SPECIMEN ORIENT- LOCA- DENSITY 
NUMBER ATION TION IMG/M**3I 

MODULUS OF FLEXURAL 
RUPJURE IMPAI STRENGTH IHPAI 
lUNCORRECTEHI fCORRECTEDI 

12AC 

12BC 

12BC 

291A 
291P 
29 6 A 
296B 
3D0A 
3Q0B 
310A 
310B 
312A 
312B 
316A 
316P 
368A 
368B 
366A 
366B 
372A 
37 2 B 
381 A 
38 IB 
382A 
382B 
388A 
388B 

AX 
AX 
AX 
AX 
AX 
AX_ 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

AX 
AX 

EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

15.G 
15.2 
13.6 
17,0 
17.1 
15,5 
17,1 
17.2 
16,3 
13,7 
17,1 

_ 15„,6 
11.5 

„^17,l 
15,3 
lSj,S 
17.8 

_ 21.^3^^ _ 
15,5 
15.,1 
11.2 

^13.1 
17,1 
17.7 

16.0 MPA 
12328. PSIl 

r,8 MPA 
1 262, PSIl 

13.3 
13,6 
12.3 
11,9 
!5.2 
13,7 
15,2 
15.g 
11,1 
12,1 
11.9 
13.,„8 
12,6 
1 5AC 
13,6 
13.8 
15.5 

_ LI *.S 
13,8 
13,7 
12,8 
11.9 
15,2 
15,1 

11,t MPA 
12052, PSIl 

1,3 MPA 
1 193, PSIl 

MEAN 

STD. DEV, 
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TABLE 11-12 (Continued) 

SPECIMEN 

NUMBER 

l A E 

I B E 

I B E 

LOT N O . 
LOG N O , 

8 D S - 3 
6 1 8 1 -

LOG_DE_NSITY 1 

O R I E N T 
ATION 

1 1 1 
1 1 5 
1 1 7 
1 2 1 
1 2 3 
1 3 7 
1 1 1 
1 1 3 
1 1 7 
1 1 9 
2 6 7 
2 7 1 
2 7 3 
2 7 7 
2 7 9 
2 9 3 
2 9 7 
2 9 9 
3 0 3 
3 0 5 

RAD 
RAO 
RAO 
RAD 
RAD 
RAD 
RAD 
RAO 
RAf) 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 

L O C A -
T I O N 

EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 

1 1 2 
, 7 8 

S P E C , D I A . 
^ S P E C , LENGTH 

M 6 / M * * 3 _ ^ 

D E N S I T Y 
I M 6 / M * * 3 I 

MODULUS OF 
RUPTURE I M P A I 
lUNCORRECTEDI 

1 8 . 0 "' 
1 9 , 8 
1 6 . 2 
1 6 . 6 
19 , 0 
1 9 . 5 
1 8 . 3 
1 6 , 1 
17'". 6 
2 1 , 3 
2 1 , 2 
1 8 , 8 
2 0 . 5 
2 1 , 0 
1 9 , 6 
1 9 , 6 
1 7 . 9 
1 5 , 9 
1 9 , 2 " 
1 9 , 3 

6 , 1 MM 
5 1 , MM 

-" 

FLEXURAL 
STRENGTH I M P A I 

fCORRECTEDI 

1 6 , L 
1 7 . 1 
1 1 , 6 
1 1 , 9 
1 6 , 8 
1 7 , 1 
1 6 , 2 
1 1 , 8 
1 5 , 7 
1 8 . 1 
1 8 , 3 
1 6 . 6 
1 7 . 9 
1 8 , 2 
1 7 , 2 
1 7 , 2 
1 5 , 9 

J***** 
" l 6 * 9 
1 7 « t 

MEAN 1 8 , 8 npk^ 
1 2 7 2 6 . P S I l 

1 6 , 6 MPA 
1 2 1 0 1 , P S I l 

STD, DEV, 1 ,6 HPA 
I 2 3 9 , P S I l 

1 ,2 MPA 
t 1 8 0 . P S I l 
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TABLE 11-12 (Continued) 

LCT Mj. 8D5 -3 SPEC, D I A , 6 , 1 MH 
LOG NO. 6 1 8 1 - 1 1 2 SPEC, LENGTH 5 1 . HM 
LOG DENSITY 1 ,78 M 6 / M * * 3 

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL 
NUMBER ATION TION f M G / H * * 3 l RUPTURE^ IMPAI STRENGTH IHPA I 

{UNCORRECTED! fCORRECTEDI 

2 1 5 
2 1 9 
2 2 1 
2 2 5 
2 2 7 
2 1 1 
2 1 5 
2 1 7 
2 5 1 
2 5 3 

5 9 
6 3 
6 5 
6 9 
7 1 
8 5 
8 9 
9 1 
9 5 
9 7 

RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
PAD 
RAD 
RAD 
RAD 
RAD 
RAD 

EH 
EM 
EM 
EM 
EM 
EH 
EM 
EH 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EH 
EM 

1 5 , 2 
1 7 . 7 
2 0 . 2 
1 9 , 9 
1 8 , 1 
1 6 , 7 
1 9 . 5 
1 9 , 1 
1 7 , 2 

^ 17_,1 
1 6 , 6 

^Jjk.'^ 
1 1 . 9 

_ 12. . 1 
1 3 , 0 
1 9 . 1 
2 0 . 0 

^^ l l^8_^_ 
1 8 . 3 
1 8 . 2 

1 3 , 7 
1 5 , 6 
1 7 . 5 
1 7 , 2 
1 6 , 1 
11»? 
1 7 , 0 
1 6 , 9 
1 5 . 3 

„ 1 5 . 1 
1 1 , 8 
1 1 , 6 
1 3 . 5 
l l e l 
1 1 , 9 

^ .^ 16j»9 
1 7 , 3 

^ . . . . . ^ I L t l 
1 6 . 1 
1.6j,0_ 

MEAN . _ . _ 17_.5_HPA_ _ 15,_5 MPA 
1 2 5 1 3 . P S I l 1 2 2 1 3 . P S I l 

STD, DEV. ' ' " " """ ~~..~~^——^ Y * F MPA 

. . ^ X 3 3 X . _PSIL J._^255„, P S I l 
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TABLE 11-12 (Continued) 

SPECIMEN 
NUMBER 

IBC 

IBC 

lAC 

.... 

LOT NO. 
LOG NO, 

-

8D5 -3 
6 1 8 1 - 1 1 2 

- ^ ' • - • -

SPEC, D I A . 
SPEC. LENGTH 

LOG DENSITY 1,78 HG/M**3 

ORfENT-
ATION 

16 3 'RAD 
165 RAO 
169 RAD 
1 7 1 RAD 
175 RAD 
189 RAO 
1 9 1 RAD 
195 RAD 
19 7"'f?'AD 
2 0 1 RAD 

7 RAO 
9 RAO 

13 RAD' 
15 RAD 
19 RAD 
33 RAD 
3 5 RAD 
39 RAO 
1 1 RAD" 
15 RAD 

L O C A - ' D E N S I T Y 
TION | M G / H * * 3 I 

EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

' E C " 
EC 

"̂̂ EC """ 
EC 

MODULUS OF 
RUPTURE IMPAI : 
lUNCORRECTEDI 

'iiZT" 
15,8 
17.8 
17 .2 
11 ,5 
1 5 , 1 
19 ,7 
15 ,7 
21 . ' l 
16,3 
16 ,8 
15 .0 
is.8 
1 8 , 0 
2 0 , 3 
2 1 , 8 
1 1 , 1 
1 6 , 1 
1 6 , 6 
1 7 , 5 

6 , 1 MM 
5 1 . MM 

FLEXURAL 
STRENGTH IMPAI 

fCORRECTEDI 

• • • ^ T i , i 
1 1 , 1 
1 5 , 7 
1 5 , 2 
1 0 . 7 
1 3 , 8 
1 7 , 0 
1 1 , 1 
1 8 , 0 
1 1 , 5 
1 1 , 9 
1 3 . 5 
1 6 , 1 
1 5 , 8 
1 7 , 5 
1 8 , 1 
1 3 . 0 
1 1 , 1 
1 1 , 8 
1 5 . 5 

MEAN 1 7 , 1 MPA 
1217 8', P s i r 

1 5 , 1 MPA 
1 2 1 8 5 , P S I l 

STD, DEV, 2 . 1 HPA 
I 3 5 1 , P S I l 

1,6 MPA 
C 2 6 6 , P S I l 
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TABLE 11-12 (Continued) 

LOT NO, 8D5 -3 
LOG NO, 6 1 8 1 - 1 1 2 
LOG DENSITY 1 ,78 

SPEC,^ D_IA. 6 , 1 MM 
SPEC. LENGTH 5 1 , MM 

MG/M**3 

SPECIMEN 
NUMBER 

6AE 

6BE 

6BE 

ORIENT
ATION 

123 RAD 
127 RAD 
129 RAD 
133 RAD 
135 RAD 
119 RAD 
153 RAO 
155 RAD 
159 RAO 
161 RAD 
553 RAD 
557 RAO 
559 RAO 
563 RAD 
565 RAD 
579 RAD 
583 RAD 
585 RAO 
589 RAD 
591 RAO 

LOCA- DENSITY 
TION fH6/M**3l 

HLE " 
MLE 
MLE 
MLE 
MLE 
HLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
HLE 
MLE 
HIE ^ 
MLE 
HLE 

MODULUS OF 
RUPTURE IHPAI 
lUNCORRECTEDI 

~" fd^f 
18.9 
22,8 

_ i8„,„9 
16,6 

„̂ 16.1. 
20,3 

.̂  19.2 
21,3 
23^5 _.. 
18.3 

. 16„,7 ̂  _ 
17,8 

. ?0,6 „ 
18,1 
22,9 
17,1 

^^^^.ZRAk.^^,^ 
19,3 
18.9 

FLEXURAL 
STRENGTH IMPAI 
fCORRECTEDI 

16,7 
16,8 
19.7 
16,8 
15,C 

^11.8 
17,9 
17,1 
18,7 
20,2 
16.3 

. . ^ISMA ... 
16,0 
18.1 
16.1 
19.̂ 8 
15.1 

....Mjtl 
17,1 
16,8 

MEAN ^ 1 9 , 3 
1 2 8 0 6 , 

..MPA__.. 
P S I l 

1 7 J L I . 
1 2 1 8 6 . 

MPA 
P S I l 

STD. DEV, 2 , 1 MPA 
1 3Q5 5_PSI1_. 

1,6 MPA 
L 2 3 0 i „ P S I J 
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TABLE 11-12 (Continued) 

LOT NO. 8D5-3 ^ SPEC, DIA, 6,1 MM 
LOG" NO. 6181-112 SPEC. "LENGTH 51, MM 
LOG DENSITY 1.78 M6/M*«3 

SPECIMEN ORIENT- LOC^A- DENSITY MODULUS OF FLEXURAL 
NUMBER ATION TION IMS/M^fSI RUPTURE IMPAI STRENGTH IMPAI 

lUNCORRECTEDI fCORRECTEDI 

1 8 . 1 
1 8 , 7 
1 1 . 3 
1 6 . 1 
1 8 . 5 
1 8 , 1 
1 9 , 1 
1 8 , 2 
1 2 , 0 
1 9 , 0 
1 7 , 1 
1 9 , 1 
1 7 , 6 
1 8 , 2 
1 9 , 2 
1 9 , 3 
1 8 . 1 
1 7 , 6 
1 7 , 9 
1 5 , 7 

1 6 , 1 
1 6 , 5 
1 3 , i 
1 1 , 5 
1 6 . 1 

....16 « 1 
1 6 , 8 
1 6 , 2 
1 1 . 2 
1 6 , 7 
1 5 , 6 
1 7 , 0 
1 5 . 7 
1 6 , 2 
1 6 , 9 
1 7 , 0 
1 6 . 3 
1 5 , 7 
1 5 , 9 
1 1 , 2 

MEAN 17,6 MPA _̂  15__.7 MPA 
12557. PSIl 12277. PSIl 

STD, DEV. ' "" 1,8 MPA """ ""̂  "" 1, 5 ' MP'A 
i 2 6 8 , PSIl I 213. PSIl 

6AY 

6BY 

371 
375 
377 
381 
383 
3.9 7 
I'D! 
10 3 
10 7 
139 
501 
50 5 
507 
511 
513 
527 
531 
533 
53 7 
539 

RAD 
RAO 
RAO 
RAO 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAO 
R'AD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 

MLM 
MLM 
MLM 
HLH 
MLM 
HLM 
MLM 
MLM 
MLM 
MLM 
MLM 
HLM 
MLF 
MLM 
HLM 
MLM 
MLM 
MLM 
HLM 
MLM 
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TABLE 11-12 (Continued) 

LOT NO, 8DS-3 
LOG NO, 6 1 8 1 - 1 1 2 
LOG DENSITY 1,78 

SPECjt, J ) I A , 5 , 1 jm 
SPEC, LENGTH 5 1 . MM 

MG/M**3_ 

SPECIMEN 
NUMBER 

6AC 

6BC 

6BC 

«»•»<»«»• 

ORIENT
ATION 

319 
321 
325 
327 
331 
315 
317 
351 
353 
357 
171 
173 
175 
177 
18 1 
183 
185 
58 7 
18 9 
193 

^ 
RAD 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAO 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 

MEAN 

STD, 

LOCA- DENSITY 
TION fHG/M**3l 

.«».«. — «.«.,».„_ -,™.„j^—. 

HLC 
MLC 
MLC 
MLC 
MLC 
^LC 
MLC 
HLC 
MLC 
HLC 
MLC 
'̂ LC __ 
MLC 
MLC 
MLC 
MiC 
MLC 
MtC __ _ 
MLC 
MLC 

— 

DEV, 

~ 

MODULUS OF FLEXURAL 
RUPTURE IMPAI ^STRENGTH IMPAI 
lUNCORRECTEDI 

™™. ^ , «~™.^ ™, 

13.8 
19,0 
12.1 
17^1 
17,1 

^ ?±J ^ 
18,6 
lCli.1 
17.6 
17.7 
17,2 

.^_ 11.5^^ ..^. 
16,3 
11.2. 
16.8 

lA»b 
11,1 

,„ .17,8^ ..„ _ 
17,6 

^ 17.„7 

15,9 MPA 
12310, PSIl 

2.7 MPA 
t 396. PSIl 

fCORRECTEDI 
^ ™. » =^ 

12,6 
16,7 
11.5 
15,5 
15,3 

. ^̂  9,1 
16,1 
9,5 
15,6 
15»7 
15,3 

^^ ^X3i2. 
11,6 
13,Q 
15,1 
16,1 
13,1 
X5.8 
15,6 
15,7 

11,3 
12072. 

2.2 
L 321, 

HPA 
PSIl 

MI^A 
PSIl 
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TABLE 11-12 (Continued) 

SPECIMEN 
NUMBER 

" 12AE 

12BE 

12Bt 

-

LOT NO. 
LOG NO, 

8D5-3 
6181-

LOG PJNSITY 1 

ORIENT
ATION 

7Q9 RAD 
713 RAD 
715 RAD 
719 RAD 
721 RAD 
735 RAD 
739 RAD 
711 RAD 
715 RAD 
717 RAD 
865 RAD 
869 RAD 
871 RAD 
875 RAD 
877 RAD 
891 RAO 
895 RAD 
897 RAD 
90l' RAD 
903 RAD 

LOCA-
TION 

EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE" 
EE 
EE 
EE 
EE 
EE 

'EE ' 
EE 

ilz 
.78 

SPEC, DIA. 
SPEC, LENGTH 

H6/M**3 _ 

DENSITY 
fMG/M**3I 

MODULUS OF 
RUPTURE IMPAI 
lUNCORRECTEDI 

11.1 
17,2 
10.9 
12.9 
11,9 
17,3 
~1 i ,""9 
12.9 
16,6 
16.1 
17,7 
11,7 
11,6 
11.7 
11.2 
18.2 
12.8 
17.6 
13,1 
19,0 

6,1 HM 
51, MM 

_ 

FLEXURAL 
STRENGTH IMPAI 
fCORRECTEDI 

13,1 
15,3 
10.2 
11,9 
13.5 
15.1 
11.Q 
11.9 
11.8 
11.6 
15,7 
13.3 
10,8 
13,3 
12,9 
16,0 
11,8 
15,5 
12,0 
16,6 

MEAN 1 5 , 0 HPA 
1 2 1 6 9 . P S I l 

1 3 . 5 MPA 
1 1 9 5 5 , P S I l 

STD, DEV 2 , 1 MPA 
I 3 5 1 , P S I l 

1,9 HPA 
I 2 8 0 , P S I l 
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TABLE 11-12 (Continued) 

LOT NO, 8 0 5 - 3 SPEC^, ^DIA j^ ^ 6 , 1 HH 
LOS NO. 6 1 8 1 - 1 1 2 SPEC, LENGTH 5 1 . MH 
LOG DENSITY 1.78 MG/H**3 

SPECIMEN ORIENT- LOCA- DENSITY MODULUS OF FLEXURAL 
NUMBER ATION TION IMG. /M**3 I RUPJURE f MP.A I .3.TRE.NG.IH IMPAI 

lUN-ORRECTEDI fCORRECTEDI 

1 1 , 0 
1 6 . 3 
1 1 , 0 
1 6 , 6 
1 1 , 9 
I 1 A 2 . . 
1 5 , 1 
15..* 5 
1 1 , 8 
I I J A 
1 1 , 2 
XUl^ 
1 2 , 8 
1 5 . 7 
1 7 , 1 
15_,0 
1 8 , 8 
JAiLZ..., . 
1 6 , 1 
1 6 . 6 

1 2 . 8 
11«6 
1 2 , 8 
1 1 , 8 
1 3 , 5 

...„ IIJ^S. 
1 3 , 9 
13J»8 
1 3 . 1 
1 3 , 1 
1 2 , 9 

..^... MJLZ 
1 1 , 8 

_ . 1 1 . J 
1 5 . 5 

^ . . 13„,5 
1 6 , 5 

^.. J.3,il .̂ 
1 1 , 5 
1 1 , 8 

MEAN . „ . . _ 1 S . 1 MPA . _ 13jf9 .MPA 
12231, PSIl . 12013, PSIl 

STDVOEV," ~̂"~ " r7 iTpA """" 171 HPA" 

12AY 

12AY 

12BY 

657 
6 6 1 
6 6 3 
6 6 7 
669 
683 
6 8 7 
689 
69 3 
695 
813 
8 1 7 
819 
823 
825 
839 
813 
815 
819 
8 5 1 

RAD 
RAD 
RAO 
RAD 
RAD 
RAQ 
RAO 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAO 
RAO 

EH 
EM 
EH 
EM 
EM 
EH 
EH 
EM 
EM 
EM 
EM 
EM 
EH 
E.H 
EM 
EM 
EM 
EM 
EM 
EM 
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TABLE 11-12 (Continued) 

LOT NO, 8D5 -3 
LOG NO, 6 1 8 1 - 1 1 2 
LOG DENSITY 1.78 

SPECIMEN ORIENT- LOCA- DENSITY HODULUS OF FLEXURAL 
NUMBER ATION TION t M G / M * # 3 l RUPTURE IMPAI STRENGTH IMPAI 

lUNCORRECTEDI fCORRECTEDI 

601 RAO 
605 RAO 
637 RAO 
61 1 RAD 
613 RAD 
627 RAD 
631 RAD 
633 RAO 
637 RAD 
639 RAD 
757 RAD 
761 RAO 
763 RAD 
767 RAD 
769 RAD 
78 3 RAD 
787 RAD 
789 RAD 
793 RAO 
795 RAO 

EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

11.2 
15,7 
11.2 
15.2 
17.6 
11,1 
16.8 
Ib.l 
18,9 
12.2 
16,6 
13.7 
15,9 
18,2 
12,8 
16,5 
18.5 
18.3 
11,i 
12*1. 

13,0 
11.2 
13.0 
13.S 
15.8 
13.2 
15,1 
11.6 
16,7 
11.1 
11,9 
12.& 
11.1 
16,2 
11,9 
11.9 
16,1 
16,2 
12,9 
11,2 

MEAN ^ „15.6 HPA .„11.1 HPA 
12261, PSIl 12018. PSIl 

STD. DEV, ' "'"^' —"YAWl " " T , 7 MPA ' 
f 3 0 6 . P S I l t 216 , P S I l 

SPEC. D I A , 6«1_MM 
SPEC, LENGTH " 5 l ' , MM 

M 6 / M * * 3 
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TABLE 11-13 
SUMMARY OF DENSITY, STRENGTH, AND ELASTIC MODULUS DATA FOR H-440N GRAPHITE, LOG 6484-81 

Property 

3 
Density, Mg/m 

Tensile: 

Strength 

MPa 

psi 

Modulus 

GPa 

Mpsi 

Flexural strength 

MPa 

psi 

Compression: 

Strength 

MPa 

psi 

Modulus 

GPa 

Mpsi 

Axial 

Top Slab 

X 

1.746 

11,2 

1621 

7.1 

1.03 

20.5 

2976 

52.2 

7574 

5.7 

0.83 

o 

0.004 

1.5 

211 

0.3 

0.05 

1.1 

162 

2.9 

414 

0.4 

0.05 

N̂ -> 

12 

34 

12 

42 

8 

8 

Middle Slab 

X 

1.706 

10.9 

1579 

6.0 

0.88 

18.5 

2689 

49.7 

7168 

5.2 

1.04 

a 

0,029 

1.3 

194 

1.0 

0.14 

1.8 

260 

5.2 

333 

0.9 

0.05 

N 

12 

34 

12 

42 

8 

8 

Radial 

Top Slab 

X 

1.740 

13,1 

1905 

8.0 

1.16 

21.8 

3165 

49.4 

7212 

7.2 

0.76 

0 

0.007 

1.1 

153 

0.7 

0.10 

1.4 

197 

2.3 

753 

0.4 

0.13 

N 

8 

20 

8 

20 

8 

8 

Middle Slab 

X 

1.700 

10.4 

1506 

7.0 

1.01 

20.1 

2908 

40.3 

5843 

5.2 

0.75 

CT 

0.018 

1.3 

182 

0.8 

0.11 

1.6 

231 

1.6 

237 

0.5 

0.07 

N 

8 

20 

8 

20 

8 

N = nimber of replicates. 



TABLE 11-14 
TENSILE STRENGTH AND MODULUS OF ELASTICITY DATA FOR GRADE H~440N 

LOT N0« 
LOS M0» 648%-
LOG DENSITY -

SPECIMEN ORIENT- LOCA-
, ..̂  .J.y,.Ht..E.B A I1.QN..... T I.5N . 

S L A 8 1 A - L - 6A AX END 
- 8A AX END 
- l O B AX END 
- l« tA AX END 
-20A Ax ENO 
- 2 2 B AX ENO 
- 6B AX END 
- 8B AX ENO 

- 1 2 B AX END 
- l t * 8 AX END 
- I S A AX ENO 
- 1 8 B AX ENO 
- 2 0 e AX END 
-22A AX ENO 
- 2 ^ A AX ENO 
-2HB AX ENO 

SLAB1B-L -30A AX END 
-3«»B AX ENO 
-36A AX END 
-38A AX END 
-t|«lA AX END 
-%6B AX ENO 
- 5 0 B AX END 
-32A AX END 
- 3 2 B AX END 
- 3 6 B AX END 
- 3 8 B AX END 

SLAB1B--L-^2A AX END 
- 1 2 B AX END 
-«I«IB AX END 
-46A AX END 
- * 8 A AX END 
-«I8B AX ENO 

S P £ C ^ . D U . ^ 
'81 SPEC* LENG 

DENSITY Y0UN6S PERM-
. C .WMM «= *.3 .LHOJiJi..U.S^^JJI.£.N t . 

I 6 P A I SET 
... tPCT 1... 

I « 7 t l 7 
1 *752 
1«7%3 
1.7<l% 
1«7%1 
1 .737 

-

1 « 7 * 8 
1 « 7 5 1 
1«7«6 
1«7%6 
1*750 
1*718 

7 » ^ 
6»5 
6 *7 
7,2 
7«3 
7»1 

— - • 

7«6 

6«7 
7«3 

7»2 

«018 
«016 
«017 
«02C 
«020 
«020 

- ^ 

«017 
*016 
«C25 
»017 
«020 
* 0 2 0 

;TM 70 

FRAC-
.._.Tll,fi.E..,...̂  
STRAIN 

* 2 2 1 

«265 

.2< t l 

«2Q0 

92m 
«209 
«209. 
»2«I0 

i_ _ 

A ^ f l . 
1. HH 

TENSILE 
.^^MRXM6JH..^ .. 

IHPAI 

H . 9 
12«8 
12«9 
13 »7 
12»5 
11«3 

10«5 

7«2 

xo.i 
9«3 
6«9 
9»7 

I 0 « 9 
1 K 3 

. . L l . O 
12«2 
11«5 
l l « 0 
1 2 « ^ 
1 2 . 1 
I D « 2 
1 0 . 5 
10«9 
10«6 
1 2 . 2 
12»6 
12«6 
11«0 
11»3 
1 1 * 7 

MEAN 

STO* DFf# 

l«7«J6 

«.003.... 

7«1 
t l « 0 3 

EJ... 
t »05 

«019 
M P S I l 

M P S I l 

«231 11»2 
t 1 6 2 1 » P S I I 

1*5 
1 2 I 1 » P S I I 
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TABLE 11-14 (Continued) 

LOT NO. 
L06 NO. b^BH-
LOG DENSITY -

SPECIMEN ORIENT-
NUHBER ATION 

LOCA
TION 

SiP£.C« _D.IA* . ... 1 2 . 
•81 SPEC. LENGTH 70 

MS/M*#3 

- OENSITY V0UN6S 
imiM^Al M M U i i l S -

C6PAJ 

PERM-
A N I N L 

SET 
CPCTI 

FRAC" 
...JULRE 
STRAIN 

f P C T I 

8 HM 
. HM 

TENSILE 
. S.IE£NGIH 

IMPAS 

SLAB6A"L-5«IA AK 
56A AK 
58B AX 

SLABfeA-L-62A AX 
68A AK 

• -L-70B AX 
-50A AX 
-SOB AX 
- 5 1 B AX 
- 5 6 B AM 
-60A AX 
~60B AX 
-"66A AX 
- 6 6 B AX 
- 6 8 B AX 
-70A AX 
-72A AX 
- 7 2 B AX 

SLAB6B-L -78A AX 
-aZB AX 
- 8 1 AX 
-86A AX 
-92A AX 
- 9 4 B AX 
-7«»A AX 
-7«*B AX 
- 7 8 B AX 
~80A AX 
-SOB AX 
- 8 4 B AX 
" 8 6 B AX 

S L A 8 6 B - L - 9 0 A AX 
- 9 0 8 AK 
" 9 2 B AX 
-9 i |A AX 
-96A AX 
- 9 6 B AX 

HEAW 

STD. 

ML . 
HL 
HL 
HL 
HL 
ML 

HL 
HL 
ML 
ML 
ML 
ML 
HL 
HL 
HL 
HL 
ML 
HL 
ML 
HL 
HL 
HL 
ML 
HL 
ni 
ML 
HL 
ML 
HL 
HL 
ML 
ML 
HL 
ML 
ML 

I 

DE¥. 

1 . 7 2 6 
1 . 6 7 3 
1 . 6 7 6 
1 . 7 3 7 
1 . 6 7 6 
1.7«*2 

1.72«l 
1 . 6 7 1 
1 . 6 7 6 
1 . 7 1 8 
1 . 7 3 5 
1 . 7 2 5 

1 , 7 0 6 

. 0 2 9 

6 . 7 
5 . 3 
5 . 6 
8 . 3 
5 . 0 
6 . 7 

6 . 0 
5 . 0 
5 . 2 
6 . 1 
6 . 5 
6 . 3 

. 0 1 9 

. 0 3 5 

. 0 3 0 

. 0 0 5 

. 0 3 0 

.C22 

. 0 1 9 

. 0 3 0 

. 0 2 6 

. 0 1 9 

. 0 2 1 

. 0 2 3 

6 . 0 . 0 2 3 
C . 8 8 M P S I l 

l . O . 0 0 8 
f . 1 % HPSIS 

f i l l . 
. 1 8 0 
.2*11 
. 1 6 8 
. 2 7 5 
. 2 3 1 

. 1 9 0 

. 2 3 7 

. 2 2 8 
, 2 3 0 
.19«» 
. 2 6 8 

. 2 1 8 

. 0 3 6 

9.«l 
7.4J 

10 .Q 
11.«t 
1 0 . 0 
1 1 . 7 
10.41 
1 0 . 2 

. J 2 . 5 .̂  . 
9 . 9 
9 . 8 

1 1 . 2 
U . 3 
1 1 . 7 

8.«l 
1 1 . 5 
1 1 . 7 
1 0 . 6 

9 . 3 
9 . 0 
9 . 3 

1 1 . 0 
9 . 7 

1 2 . 3 
1 1 . 6 
1 2 . 6 
1 1 . 2 
1 1 . 3 
1Q.7 
1 0 . 1 
1 2 . 7 
1 2 . 0 
1 2 . 6 
1 0 . S 
1 2 . 0 
1 3 . 5 
1 2 . 1 

1 0 . 9 
1 1 5 7 9 . P S I l 

1 .3 
C 19«».PSI I 
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TABLE 11-14 (Continued) 

LOT NO. SPEC. DIA, 
LOG NO. 6«*8«l-81 SPEC. LEN6 
L06 DENSITY — MG/H**3 

SPECIHEN ORIENT"- LOCA- DENSITY YOUNGS PERH-
NUHBER ATION TlOW f M6/M*.«e3 IHOOULUS ANENT 

. SLABIA L- 7 RAJ.. £ NJI.,.. 
- 11 RAO END 

SLAB lA-L-25 RAD END 
-29 RAD END 
- 5 RAD END 
- 9 RAD END 
-13 RAD _ Elffi_. 
-23 RAO END 
-2 7 RAJ)̂  ENC 
-31 RAD END 

SLABlB-L-%3 RAO END 
-m RAO ENO 
-61 RAD END 
-65 RAO END 
-II RAD ENO 
-15 RAD END 
-H9 RAD END 
-59 RAD END 
-63 RAO END 
-67 RAO END 

MEAN 

I6PAI SET 

..l*7JJ_ J:^9 ^ ^*£15 , 
1.7«»2 9.0 #010 

. l ^ . M AJLZ. ^^.^*Q.15^ 
1.737 8.2 .016 

..J^IM-. ™lAi__Afll9^ 
1.7«I9 7.9 .015 
1.738 8.5 .015 
K729 6.7 .018 

1.7«I0 8.0 .015 
11.16 MPSIl 

.007 *T ,003 
f .10 HPSII 

12. 8 
TH 70. 

FRAC-

STRAIN 
IPCTI 

^ E22J 
.223 

.213 

.239 

.195 

.265 

.251 

- --

"""̂ ".227 

.023 

MH 
MM 

TENSILE 
STRENGTH 

CHPAI 

IJ.O 
15.0 
X3iL0_ 
12.8 
12»5 
l«*.l 

12.3 
13.5 
11.9 
15.8 
12.81 
13^0 __ 
13.0 
12.% 
13.1 
13.5 
t««.o 

13.1 
i 1905.PSIl 

1 153.PSIl 
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TABLE 11-14 (Continued) 

LOT N0» 
LOG NO, 648«f-
LOG DEIISITY -

) da> Av am a» «B» « 

SPECIHEN ORIENT-
NUMBER b :T I0N 

LOCA-
TION 

•81 
S£££ 
SPEC 

M 6 / M * * 3 

• OEf<ISIT¥ Y0UN6S 
fMG/M**3JM0DULUS 

CGPAI 

L L D I A , _ 1 2 J , 8 MM . . . 
: , LENGTH 7 0 , 

PERH- FRAC-
AMINT TUR i ^ . 

SET STRAIN 
J P £ T I . f P C J I ._. 

1 MM 

TENSILE 
STRENGTH 

CHPAI 

SLAB6A L - 7 9 
- 8 3 
- 9 7 
I Q l 

S L A B 6 A - i - 7 7 
- 8 1 
- 8 5 
- 9 5 
- 9 9 
103 

SLAB6B L115 
119 
133 
137 
113 

RAO 
RAD 
RAO 
RAO 
RAO 
RAD 
RAD 
RAO 
RAD 
RAO 
RAO 
RAD 
RAD 
RAO 
RAO 

HL 
HL 
ML 
ML 
ML 
ML 
ML 
HL 
ML 
HL 
HL 
HL 
ML 
HL 
ML 

1 , 7 2 0 
l . 7 1 « * 
1 , 7 2 0 
K 7 1 3 

l , 6 8 « l 
1 . 6 7 8 
1 , 6 8 6 
1 . 6 8 8 

7 , 2 
8 , 5 
7 , 2 

6,«l 
6 , 2 
6 , 7 
6 , 5 

,1«40 
, 0 1 6 , 1 8 9 
. 0 1 5 ,1*49 
, 0 1 8 , 1 6 9 

, 0 1 9 , 1 9 3 
, 0 1 5 ,20«f 
, 0 1 6 . 1 7 0 
, 0 2 0 , 2 1 8 

8 , 5 
1 0 , 8 

9 , 8 
9 , 7 

1 1 , 8 
1 2 . 5 
1 1 , 9 
1 3 , 3 

.... IIJLI^ 
1 0 , 3 

9 , 9 
1 0 , 3 

9 , 3 
1 1 , 0 

9 , 9 
117 
121 
O I 
135 
139 

RAO 
RAD 
RAD 
RAD 
RAD 

HL 
HL 
ML 
HL 
HL 

8 , 6 
9 , 3 
9 , 3 

1 0 , 2 
1 0 , 1 

MEAN 1.700 7,0 .017 ,179 10.<« 
11,01 MPSIl I 1506.PSIl 

STD. DEV. ,018 ,8 .002 _ .02? 1^ 
i .11 MPSIl I 182,PSIl 
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TABLE 11-15 
FLEXURAL STRENGTH DATA FOR GRADE H-440N 

LOT NU, 
_LgG_ NO ,___ 658a«6 1_ 
LOG DENSITY •» 

SPEC, 
SPEC, 

MG/H**3 
LENGTH 5U 

MM 
MM 

MdMRFR ATION TION CMG/M**3) 
^MODULUS OF FLEXUKAJL 
RUPTURE CMPA) STRENtlH CMPA) 
(UNfiyPRtCTEO) CCDRRECTEO) 

5 j , A e l A _ 

S L A B I A 

S L A f i l B 

^ 

""SUaTllB"" 

2 A 
2B 
UA 
«B 
feA 
bB 

|_0_A 

I OB 
l ^ A 
12B 
l a A 
tus 
ISA 
! 8 B " 

20A 
soa 
iiA 
2 2 8 
iOA 
308 
32A 
J 2 6 
S^A 
348 
36A 
36r" 
«0A 
40B 
a^A 
^ J f f 
a«A 

-TiuW 
50A 
yoB 
S2A 
S2B 
5bA 

""3WB 
58A 
5 8 B 

60A 
60B 

— -

BB«K«Wt88TO 

AX 
AX 
Ax 
AX 
AH 
AX 

- A X 
ax 
AX 

AX 
AX 
AX 
AX 
Ax 
4X 

AX 

AX 
AX 
AX 

" AX 
AX 
AX 
AX 
AX 
Ax 
AX 
AX 
AX 
Ax 

-Jk 
AX 

" i x "" 
AX 
AX 
AX 

^ X " 
AX 

•"AX""" 
AX 
AX 
AX 
AX 

M | A N 

1W7 
_ 

fcNO 
END 
fcNO 
t N U 
E N D 
tNjO 

£N0 
fc»xD 
£N0 
E N D 
t-NO 
t w o 
t N > 
fcNO" 
£M0 
t N D 
END 
t N U 
tNO 
END " 
£MD 
tN(l'» 
fcMl) 

E N U 
fcNO 
•pNO 
fc.NO 
EfMD 
tNO 
Esro 
END 

' hNO 
tNO 

" EN-Q 
two 
END 
END 

ENO 
END 
END 
EHO 

~wv. 
"" 

2«>.t5 
^ 3 « 9 
2fe^5 
^ K a 
2 6 , 4 
2 « , 6 
2 4 , 3 
a,6 
2 a , 3 
2 « , t t 
^ 3 . 9 
2 5 , 8 
2 7 , 2 
2 5 , B 
2 6 , 7 
^ 7 , 1 
^ ^ . 9 
^ J , ^ 
2 « . 7 

' 2 a , ^ 
2 6 , 2 
aa,3 
2 5 , 7 
? 5 3 
aa,o 
2 f e , 6 
2 3 « 5 
2 J , 3 
^ o , 7 

^ 2 « , 9 
2 3 , 5 
? 3 ~ 9 
^ a , 6 

.̂  _ - 2 4 , 1 
2 3 . 8 
2 6 , - ^ 
2 6 , 8 

- -^ZW.if' 
^ 4 , 1 
2 ^ , 4 
2 5 , 9 
5 5 , 2 

ir^b HH ~ 
C 3 5 7 ^ , P S D 

C 2 5 b , P S I ) 
— 

ZijJ 
2 0 , 1 
2 1 , 7 
i e , ' j 
2 1 , 7 
2 0 , 6 

^ H j i * 
1 9 , 2 
2 0 , a 
2 0 , 7 
2 0 . 1 
1 9 , a 
^ 2 , l 
? 1 . 5 
2 t , 8 
^ ^ , t 
1 9 , « 
1 9 , 7 
2 2 ^ 9 
2 0 , ^ 
< ; i . 5 
2 0 , 3 
2 1 , 2 
1 9 , « 
2 0 , 1 
2 1 , T 
1 9 , 8 
1 ^ , 7 
1 7 , 9 
2 f f , 7 
1 9 , 8 
2 F , 7 
2 0 , 6 
2ff,2 
2 0 , 0 
2 T , ^ 
2 1 , 8 
1 7 , 7 -
2 0 , 2 
2 0 , « 
2 1 , 3 
2 0 « 9 

^W,B W I " 
C 2 9 7 6 , P 8 I ) 

~ Tjnmr 
C I 6 2 t ^ S I ) 
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TABLE 11-15 (Continued) 

LOT 
LOG 
LOG 

NO, 
NO, 
DENS 

S^'FCIf'EN nwiENl-, 
NUMbtR ATION 

S^ArtbA e>*sA 
bbH 
<s8A 
68b 
70A 
706 
7«A 
7«B 
7bA 
7foB 
7BA 
788 
B2A 

SLAB6A 82B 
8«A 
8«H 
a&A 
SOB 
<?2A 
92 B 
9aA 
QaH 

SLAH68 QBA 
QBh 
!00A 
10OB " 
lu-aA 
iQHb 
106A 
5 068 
laBA 

•^LAB68 I O F B 

1 14A 
U«B 
1 IbA 
llbB 
120A 
T20B" 
122A 
1228^ 
128A 
1288 

- — ~~ — ™™. ^ -

"' ' 

-

AX 
AX "' 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
'AX 
As 
AX 
AX _̂  
Ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
^AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MEAN 

STD, 

' 

b<4»H« 
i l U m 

LtlCA» 
TION 

ML 
ML 
ML 
ML 
ML 

- "̂ L 
""IL 
'̂L 
ML 
HL 
ML 
HL 

"^"ML 

ML 
ML 
ML 
ML 
^L 
'̂L 
ML 
ML 
HL 
(iL 
rtL 

"ML ^ 
ML 
•̂ IL 
ML 
ML 
ML 
ML 
ML 
ML 
ML 
ML 
ML 
HL 
ML 
ML 
ML 
ML 

DEV. 

SPEC, OIA, 
•fll SPEC. LENGTH 

MG/M**3 

• DENSITY MODULUS OF 
(MG/M**-^) RUPTURE (MPA) 

(UNCORRECTED) 

- ^«^5 
2a,<» 
25,1) 
2«.3 
2«,3 
26,0 
16.j8 
19,6 
21,@ 
18.a 
1«?,0 
18,« 
24.5 
2a.1 
2«.9 
2a,a 
27,a 
25,1 

. . , 27^.3 
2S,1 
28j0 
2S.9 
25,5 
25,1 
23,b 
21,8 
19.5 
17,9 
18,6 
18,8 
17.9 

" 1 ^ 1 
2a,! 
2«.0 
26.5 
25;? 
23,2 

•- - • -^21,1 
21,2 
21.6 
20,9 
22,9 

22,9 
(3318, 

3.0 
C a«u 

-.«««»«».»— »-» 

MPA 
PSD 
MPA 
PSD 

6,a MM 
SI , MM 

FLEXURAL 
STRENGTH (MPA) 
(CORR.eCTED) 

19«6 
19.8 
19.8 
19,5 
19.5 
20,3 
ia,7 
16,6 
1B,0 
15.9 
16,2 
15,8 
19,6 
19:5 
19,8 
19,5 
20,9 
19,9 
20,9 
19,9 
21.2 
20.3 
20,1 
19,9 
19^0 
ie.i 
16.6 
is,s-
16,0 
16,1 
IS,5 
16.a 
19,3 
1^.3 
20,6 
20,2 
18.9 

' Ts;'F 
17.7 
1T,9^ 
17,a 
le,?"" 

IS.S MPA 

1,8 MPA 
C 260, PSD 
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TABLE 11-15 (Continued) 

LOT NO, 
LOS NO, ht4BUmHl 
LOG DENSITY mm MG/MxttJ 

SPEC", OIA^ "6,« MH 
SPECt LENGTH 5 U MM 

8PECIHEN tlHlENT-^ tUCA- OENSITV „ 
NUMBER A T I O N flOH CMG/M**3) 

OF MUQULU8 
RUPTURE (MPAl 
CUNCORRECTED) 

_ FlEXURAl 
STREHSTH "(MPA)' 
(CORRECTED) 

.Ik̂ SlA. i^m mt 9 RAD E N D 
IS RAO END 
15 RAO END 
19 RAO END 
J3 RAO END 

END 

SIABIB 

39 RAO £ N U 

^ i_^Ap l̂ tO-
as RAD END 
S9 RAO END 
6! RAD fcNO 
65 RAD lhO_ 
bl RAO " T N U 

71 RAO Em 

SLASIB 
SUA816 

85 RAO ewo 
91 RAP _ ENO__ 
93 »AP Two 
97 RAD £N0 
87 RAO £N0 

2 1 ^ 
25«0 

22 ,4 

2 a , 9 

27 .0 

2S«« 
2 7 t 2 

29 ,0 

29 ,a 
^ 6 7 3 

,11^1. 

2to, l 

2 1 . 4 

MaJL.^ 
22 .7 
19^a 
2 0 , « 

^ "21, b' 

2 3 , 9 

2 2 , 1 

MgAN 

STD, __i)ev̂  

2 5 . 7''MPA"^^ 

NPA 

2 U 8 MPA 
C_31_65_,_ P8J5 

^-'j^j~~j^YT 
1,4 MPA 
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TABLE 11-15 (Continued) 

LOT NO, ' 
LOG NO, fe^aa-ei 
XOF^WNSI'TY'"*.- MG/M**3 

SPEC, 
01 A, 
LENGTH 

6,« 
51, 

MM 

SPECIMEN ORlENT"* IUCA» DENSITY MQpUlUS OF 
NUHBER ATlON TION C M 6 / M * * 3 ) 

riEXURAL 
RUPTURE CMPA5 8TR£N6TH (MPA? 
CUNCOWReCTED) ,__ (CORRECTED? 

JMML 111^ HM^ 
113 RAO 
117 RAO 

ilk. 
HL 

119 
123 

RAO 
RAD 

ML 
HL 

137 
139 

RAO 
«A0 

HI 

RAD 
RAO 

ML 

SLABfeB 
149 

165 
169 

RAD 
ffAO_ 

HL 

RAO 
RAD 

171 
175 

ML 

8LA86B 
189 
191 

RAD 
RAO 

Ml 
HL 

RAO 
RAO ML 

195 
197 
TOT 

RAD 
RAO 
RAF 

ML 
ML 

25«4 
2ii,7 

M^^ 

26,2 
25,1 

2U0 

27,4 

2UU 
20t7 

26,3 

22a 

27,1 

21«5 

23,a 

21,fe 
21,1 
21,2 

19,7 

20 ; 3 

18,1 
18,2 
17,6 

MEAN 

STD, OEV, 

2«.l HPA 
(3493, PSD 

2,5 MPA 
C 368, PSD 

20,1 MPA 
C2^08« F»8D 

1,6 MPA 

11-100 



TABLE 11-16 
C(MPRESSI¥E STRENGTH AND MODULUS OF ELASTICITY FOR GRADE H-440N 

-

l i l L f c lO* ^ 
LOG NO. 6 ^ 8 « l -

. „™^ J-,SI&^J30 S J T X.. J-

SPECIMEN O R I E N T - LOCA-
NUMBER AJIQK T IQM 

— 

l A ^ L 6 C AX END 
L8C AX END 

l l i C .fi)L.^ ENQ 
L l ^ C AX END 

.-. w ^xjni.j.x um 
L32C AX END 
L 5 6 £ _ J J t END 
L38C AK END 

-

•8 1 

• " 

. SPEC 
SPEC 

.ji£jn**3 

' D E N S I T Y YOUNGS 
CHG/tt * * l l H Q J I U i U S 

IGPAJ 

-

6 , 0 
5 * 2 

_ 6 . l 
6 , 0 

^ & A O 

5 , 3 
^st3 
5 , 5 

. , i J I A , 1 2 , 
, LENGTH 25 

P E R M 
ANENT 

SET 
I P C T I 

, 1 5 0 
« 1 8 0 
* 1 1 Q 
, 1 5 C 
, 1 8 0 
, 1 6 0 
» 1 8 C 
, 2 0 0 

F R A C 
TURE 

S T R A I N 
I P C T J „ 

2 , 0 8 * 1 
3 * 2 8 9 

2a7& 
3 , i a « 4 
2 , 8 5 0 
3. tO«4 
3*«48i4 
3 , 2 3 8 

8 MH 
» MH 

COMPP, 
STRENGTH 

IMPA> 

t 7 , C J 
5 3 , 8 
«^8a 
5 3 3 
5 2 , # 
5«4,7 
5«* ,8 
5 3 , 1 

MEAN 5 , 7 ,16£* 2 , 9 5 3 
I . tSJ MPSI I 

5 2 « 2 
I 7 5 7 i | , p S J I 

STD. D t V f jt** #li2B ,5^« l 
I , 0 5 M P S I I 

2 ,9^ 
I « l l«J ,PSI I 

IA 

I f i 

L5B J A B 
L9B RAD 

L13B RAD 
L23B RAD 

EJD 
END 
EfsiD. 
END 

L45B RAD END 
L^9B RAD __ END 
L59R RAD END 

6 , 7 
6 , 9 
7,* l 
7 , 2 
1^9 
7 , 1 
6 , 9 
7 , 2 

, 1 3 0 
, 1 3 0 
, 1 2 0 
, i«»0 

^ J , 3 a 

, 1 3 0 

, 1 2 0 

2 , 5 4 5 
2 , 1 8 6 
1 ,669 
1 ,836 
2 , ? l l 
2 . 1 7 8 
1 ,956 
1 ,778 

5 2 , 6 
5 0 , 6 
'46.6 
«*8,0 
5 2 , 3 
5 0 , 0 
4 8 , 1 
4 7 , 2 

HE AN 7 , 2 , 1 3 0 ? , 0 3 2 
«LfQ4 MP„$I| 

4 9 , 4 
i 7 1 6 8 , P S J I 

STD, DEV, , 4 , 0 0 8 , 2 5 7 
i , 0 5 H P S I I 

2 , 3 
C 3 3 3 , P S I I 
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TABLE 11-16 (Continued) 

J.OT HS^. 
LOG NO, 64 8 4 - 8 1 

SFECt 
SPEC, 

0 1 4 , 
LENGTH 

Hfi i i1-**3 

1 2 t i MH 
2 5 , MH 

" Ti^ 
SPECIMEN ORIENT-

NUHBER ^T IQM 

— - -

6A L5QC 
L54C 
L56C 
L 6 0 f 

6e _JLJ4.C 
L78C 
LBML 
L 8 4 { 

kX 
AK 
AX 
AX 
A.X.^„ 
AX 
A-X_ 
AX 

LOCA-
TIOJ^ 

— 

ML 
ML 
ML 
HL 
MX 
ML 
HL 
ML 

• D E N S I T Y YOUNGS 
tMfi7M**3II^QDULUS 

CGPAI 
— 

6 , 2 
5 . 8 
4 , 4 
5 . 8 

, _ . 6»Q 
5 , 6 
3 . 9 
4 , 3 

lU JUL- *1U PJJ Jul.- XU. U* 

PERM-
AMI NT 

SET 
iPQJ) 

, 1 6 0 
, 1 2 0 
, 1 8 0 
, 1 5 0 
^IZQ 
, 1 6 0 
, 1 2 9 
. 1 5 0 

FRAC
TURE 

STRAIN 
IPCT^ 

3 , 2 2 1 
2 , 9 9 0 
2 , 9 8 3 
3 , 0 2 7 
3 , 4 6 1 
3 , 5 0 2 
? , 9 9 9 
3 , 0 4 3 

COHPR, 
STeENGTH 

IMPAJ 

5 3 , 6 
5 2 . 3 
4 3 . 7 
5 2 , 0 
5 5t,4 
5 3 , 8 
4 3 » 1 
4 3 , 9 

MEAN 5 . 2 , 1 4 8 3 . 1 5 3 
« . 7 6 M P S i l 

4 9 , 7 
t 72l_2»PSJS 

S.T5, D„ev » 9 _ . , 0 M »217 
I . 1 3 msii 

5 . 2 
I 7 5 3 , P S I I 

6J_^ 177"^ 
L81^' 
LSS'i 
L95^ 

6B^L113E 
L 1 1 7 . 
L12 i i > 
L 1 3 1 '•= 

MP 
RAD 
RAD 
RAO 
RAD. 
RAO 
RAD 
RAO 

HL 
ML 
ML 
ML 
ML 
ML 
HL 
ML 

5,6^ 
5 , 4 
4 . 5 

. 1 

.2 
, 0 
.2 
.6 

, J 7 0 
. 1 6 0 
, 1 8 0 
, 1 4 0 

a 3 j 
, 1 2 0 
, 1 0 0 
, 1 8 0 

1 ,765 
1 , 9 9 1 
2 . 2 1 4 

638 
904. 
650 
316 

2 . 1 6 7 

3 9 , 2 
4 1 , 4 
3 9 . 4 
4 0 . 8 
3 7 . 9 
4 2 , 8 
4 1 . 7 
3 9 , 0 

MEAN 5 . 2 . 1 4 8 2 . 0 8 0 
C . 7 5 „HPSJ J 

4 0 , 3 
C 5 8 4 3 . P S D 

STD. DEV. . 5 , 0 3 0 , 3 2 5 
I , 0 7 MPSII 

1.6 
i 2 3 7 . P S D 
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TABLE 11-17 
FATIGUE TESTS ON PGX GRAPHITE 

LUT MS — LOG NUI b^Biim^^ 
OUle TAil.i^s Ax L iCATIO-̂ Jl END-(1Nfc THIRI. RADIUS 

STRESS KATIi^ H- (f ( I, STRESS / MAX, STRESS)! - U u 

- ^ ' ^ C I • 1 F i ^ Si l l , t i E l l i i r v 

i'-^C 
l a B 

iHA 

ac 
^ 'C 
ieB 
Sa* 
'^Ji 
i p t 
^iJ? 
4 n & 

-'ec 
SbC 
^«:A 
1 UR 

^'iC 
p f f t 

To* 
<?r 

^ 4 h 
J « A 

2'4C 
! K>A 

0 f i 
Si.,r 

?oC 
7 0 4 

^2b 
ftHh 

'4*1C 
idA 
luB 
IhC 
5bR 

28 
«IB 
l^A 
?^c 
ha& 
76"=! 

auc 
2*4^ 
1£C 
50B 
32A 

6A 
fet>C 
fckiA 
9 o 6 

( 1 1 , / ' * * • * ) 

! . ? 7 1 
1 .765 
K / 6 7 
t , ?o3 
l , 7 t . i ) 
) . ttf4 

l . T f e ^ 
1,7^>7 
l ,7feO 
1 .770 
1 , 7 6 1 
1 . 7 i V 
U76w 
l.io7 
i.lU 
U / S i 
1 . / 6 5 
1 ,767 
1 , 7 b 9 
! , / !5b 

1 . /fei 
1 . 7o& 
U/fe<* 
] . 7 5 7 
U 7 ' j ' ^ 
1 . 7 7 3 
K / 7 3 
1 . 7 6 1 

l . f t i i 
» » 7 t i o 
1 . 7 ^ 9 
1 .7S^ 
i . f ^ a 
1 . 7 4 ( 5 

1.757 

l . n « 
1 ,76» 
1 . / 5 5 
U 7 6 f e 
1 . / 7 9 
J .7& '? 
U / f e l 
1 . 7 6 8 
I . / 5& 
U7b& 
U / 6 t > 
1 . / •oO 

1.7fei 
1 . 7 7 ? 
J . 7 7 6 

. . A X , 

sr>*k8S 
- ifBAy 

4 , 3 
'4.? 
1*3 
^,3 
a , 3 
«,3 
«,3 
a . 3 
a . 5 
t . J 
5.4J 
S.a 
S .« 
S . ' t 
b * « 
•;.« 
5 , a 
s,,a 
S.a 
S.6 
to,2 
6 , 5 
&»3 
6 , 3 
6 , 3 
6 , X 
6 , 3 
fe.l 
6.3 
ft.3 
6»9 
*».<» 
6 . 9 
a , 9 
6,9 
6 , Q 
6 . 9 
6 . 9 
b . Q 

b . 9 
7.U 
7 . S 

7,B 
7«*i 
7. f t 
?.fe 
7 , « 
7 ^ 
7 . 6 
7 , 8 

M I N , 

SlN-fcSS 
C iPA) 

" '̂ li" 
^4.3 
'4.3 
« , 1 
a . 3 
« . 3 
^ . 3 
' • ( .3 

a . l 
« . 3 
S ,« 
s.« 
5 . " 
i ,<4 
5.<» 
S.a 
5 ,4 
5 . " 
5.a 
b.o 
6 .2 
b . i 

6.3 
6 ,3 
6 .3 
fc.3 
fc.3 
6 . 3 
6 . J 
6 , 3 
t ' . '» 
6 . 9 
&.«* 
6 . 9 
b , " 
fc.9 
b.9 
6 , 9 
b , 9 
6 . 9 

.C 

. " 
7.« 
7,b 

. 0 
7 , 8 

7.fi 
7.S 

. 0 
7 ,B 

TYCLES 

>121500 
>!l^bOO 
> 1 u 01 u 0 

u 0 0 0 
>i l l< '40( i0 

5uo 
>1&359{, 
> l « & 9 l i O 

> i J 7 8 y a 
> 1 0 tl 5 0 0 

I b l u t 
13«? 
162S 

S59(,(t 
8b9 
2 i 1 

160 0-0 
>ie6ftOO 

^bot 
alii 
H)8 
bwS 
a96 

21 
ft? 

21 Jy 
64<S 
2fe0 
«18 
1/6 

17 
au 

113 
1 9 1 

16 
38 
79 

B 
36 
27 

< 1 
1 

i 8 
5 
2 
8 
3 

1? 
1 
3 

r u FAIUUfiE 

( R U N Q U I 3 
( R U N U U T ) 
tPLMOUT) 

(f<U iUuT) 

( R U I M U U T ) 
f RU' (lUT) 
(RUvDuT) 
f RUNfiuT) 

( R U .(JL'T ) 

CURST CYCL£3 

mmmaKm'Bimmim ^m^mm-
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TABLE 11-18 
UNIAXIAL FATIGUE ENDURANCE LIMITS FOR PGX GRAPHITE 

(SPECIMENS FROM LOG 6484-74, END - ONE-THIRD RADIUS LOCATION) 

Orientation 

Radial 

Axial 

Stress Ratio, R 
'̂ min/̂ max 

0 

-1 

0 

-1 

Number of 
Cycles 

100 
1,000 
10,000 
100,000 

100 
1,000 
10,000 
100,000 

100 
1,000 
10,000 
100,000 

100 
1,000 
10,000 
100,000 

Endurance Limits, 
Peak Stress/Mean Strength 

50% Survival 

0.92 
0.90 
0.87 
0.85 

0.86 
0.82 
0.78 
0.74 

0.85 
0.81 
0.78 
0.74 

0.83 
0.77 
0.71 
0.66 

99/95 Lower 
Tolerance Limit 

0.71 
0.69 
0.66 
0.64 

0.66 
0.62 
0.59 
0.56 

0.70 
0.67 
0.63 
0.60 

0.67 
0.62 
0.57 
0.52 
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TABLE 11-19 
AVERAGE AND RANGE OF STEAM OXIDATION REACTION RATES 

OF STACKPOLE 2020 GRAPHITE(a) 

Slab 1 

Slab 3 

Slab 5 

Edge 

Whole radius 

Center 

Edge 

Whole radius 

Center 

Edge 

Whole radius 

Center 

High 
(%/hr) 

0.5488 

0.1147 

0.0483 

0.0084 

0.0132 

0.0084 

0.0123 

0.0374 

0.0159 

Average 
(%/hr) 

0.1268 

0.0350 

0.0138 

0.0049 

0,0083 

0.0060 

0.0078 

0.0173 

0.0093 

Low 
(%/hr) 

0.0042 

0.0085 

0.0048 

0.0013 

0.0053 

0.0020 

0.0031 

0.0081 

0.0034 

Sampling 
Frequency 

48 

16 

14 

45 

17 

17 

45 

17 

17 

(a) Experimental conditions: temperature = 1148 K, gas 
mix = 5% H , 3% H^O, balance He. 
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TABLE 11-20 
REACTION RATE AND DENSITY OF SAMPLES, GROUPED ACCORDING TO SECTION 

Slab 

1 

Section 

A 

B 

Distance from 
Top of Log 

(m) 

0 - 0.076 

0.076 - 0.152 

Sample 
Type 

Comp. 

Tens. 

Comp. 

Orien
tation 

Radial 

Axial 

Radial 

Axial 

Radial 

Sample 
No.̂ a) 

1 E 
4 C 
5 E 
7 E 
8 C 
9 E 

201 E 
203 E 
204 E 
205 E 
207 E 
209 E 
211 E 
213 C 
1 R 
4 R 
5 R 
8 R 
9 R 

201 E 
203 E 
205 E 
207 E 
209 E 
211 E 
213 E 
215 E 
217 E 
219 C 

12 C 
13 E 
16 C 
17 E 

Burnoff 
(%) 

4.315 
4.791 
15.774 
12.195 
2.544 
7.767 

13,344 
5.967 
4.807 
16.695 
11.954 
1.157 
3.894 
0.933 
6.305 
5.091 
16.541 
6.095 
16.803 
2.625 
13.223 
3.693 
25.392 
17.612 
2.474 
3.352 
5.313 
2.880 
3.827 

1.167 
3.820 
0.768 
3,569 

Reaction 
Rate 
(%/h) 

0.0891 
0.0124 
0.2504 
0.1009 
0.0120 
0.0597 
0.2756 
0.1962 
0.0993 
0.5488 
0.2468 
0.0089 
0.1512 
0.0193 
0.0430 
0.0348 
0.1129 
0.0416 
0.1147 
0.0208 
0.1047 
0.0292 
0.2009 
0.1393 
0.0196 
0.0365 
0.0420 High 0.5488 
0.0228 Avg. 0.1053 
0.0303 Low 0.0089 

0.0483 
0.0058 
0.0122 
0.0058 

Density 
X 10"^ 
(kg/m^) 

1.776 
1.774 
1.772 

1.775 
1.783 
1.784 
1.779 
1.785 

1.790 
1.779 
1.782 
1.780 
1.787 
1.782 
1.781 
1.781 
1.784 
1.780 
1.786 
1.788 
1.782 
1.785 
1.787 
1.788 High 
1.787 Avg. 
1.787 Low 

1.772 
1.773 
1,766 
1.776 

1.790 
1.782 
1.772 



TABLE 11-20 (Continued) 

Slab 

(1) 

Section 

(B) 

C 

Distance from 
Top of Log 

(m) 

(0.076 - 0.152) 

0.152 - 0.229 

Sample 
Type 

(Comp.) 

Tens. 

Comp. 

Tens. 

Orien
tation 

Axial 

Radial 

Axial 

Radial 

Axial 

Radial 
, 

Sample 
No .(a) 

215 E 
217 E 
219 E 
221 E 
223 E 
225 E 
227 C 
12 R 

16 R 
17 R 
221 E 
223 E 
225 E 
227 E 
229 E 
231 E 
233 E 

235 E 
237 E 
239 C 

20 C 
21 E 
24 C 
25 E 

229 E 
230 E 
231 E 
233 E 
235 E 
237 E 
239 E 
241 C 
20 R 
21 R 
24 R 
25 R 

Burnoff 

(%) 

23.379 
14.496 
5.347 
7.932 
2.531 
8.650 
2.141 
2.277 
1.950 
8.672 
0.714 
1.828 
3.834 

24.096 
10.152 
0.503 
4.499 

2.883 
0.576 
5,340 

3.015 
3.399 
0.676 
4.353 
7.378 
9,292 

14.953 
14.386 
10.9.68 
5.841 
7.323 
2.577 
1.747 
5.142 
1.850 
2.824 

Reaction 
Rate 
(%/h) 

0.1912 
0.2971 
0.2707 
0.4016 
0.0124 
0.4380 
0.0101 
0.0155 
0.0133 
0.0592 
0.0056 
0.0145 
0.0303 
0.1906 
0.0803 
0.0050 
0.0087 

0.0042 
0.0058 
0.0118 

0.0095 
0.0088 
0.0057 
0.0073 
0.1523 
0.1475 
0.1223 
0.2971 
0.3606 
0.0083 
0.3708 
0.0053 
0.119 

0.0351 
0.0126 
0.0193 

High 
Avg. 
Low 

High 
Avg. 
Low 

0.4380 
0.0891 
0.0042 

0.3708 
0.0984 
0.0053 

Density 
x \^~\ 
(kg/m-^) 

1.784 
1.786 
1.783 
1.792 
1,794 
1.780 

1.780 
1.778 
1.776 
1,784 
1.782 
1.783 
1.780 
1.781 
1.778 
1.781 

1.778 
1.766 
1.779 

1.771 
1.784 
1,775 
1.783 

1.779 
1.788 
1,782 
1,789 
1.790 
1,780 
1.783 
1,778 
1.778 
1.781 
1.781 

High 
Avg. 
Low 

High 
Avg. 
Low 

1.794 
1.780 
1,766 

1.790 
1.781 
1.771 



TABLE 11-20 (Continued) 

o 
CO 

Slab 

(1) 

3 

Section 

D 

E 

Distance from 
Top of Log 

(m) 

0,229 - 0.305 

0.762 - 0.838 

Sample 
Type 

Comp. 

Tens. 

Comp. 

Tens. 

Orien
tation 

Radial 

Radial 

Radial 

Axial 

Radial 

Axial 

Sample-
No.'̂ a) 

28 C 
29 E 
30 C 
32 C 
33 E 
28 R 
29 R 
32 R 
33 R 

36 C 
37 E 
40 C 
41 E 
44 C 
243 E 
245 E 
247 E 
249 E 
250 E 
251 E 
253 E 
255 C 
36 R 
37 R 
40 R 
41 R 
44 R 
243 E 
245 E 
247 E 
249 E 
251 E 
253 E 
255 E 

257 E 
259 C 
261 C 

Burnoff 

(%) 

1.430 
0.622 
4.454 
2.039 
2,394 
1.873 
1,806 
1.804 
0,830 

1.655 
0.649 
2.310 
2.610 
0.749 
0.646 
3.164 
1.393 
1.899 
0,828 
0.875 
4.341 
3.082 

2.415 
4.170 
0.753 
3.780 
2.862 
1.675 
0.506 
1.614 
1.407 
0.562 
1.930 
3.961 

1.056 
2.818 
3,438 

Reaction 
Rate 
(%/h) 

0.0068 
0.0052 
0.0048 
0.0053 
0.0066 
0.0128 
0.0123 High 
0.0123 Avg. 
0.0085 Low 

0.0078 
0.0055 
0.0064 
0.0082 
0.0063 
0.0052 
0.0027 
0.0066 
0.0067 
0.0064 
0.0070 
0.0047 
0.0063 

0.0053 
0.0107 
0.0077 
0.0073 
0.0099 
0.0015 
0.0021 
0.0015 
0.0033 
0.0023 
0.0017 
0.0061 

0.0044 High 
0.0054 Avg. 
0,0053 Low 

0.0128 
0.0083 
0.0048 

0.0107 
0.0055 
0.0015 

Density 
X 10" 3 
(kg/m^) 

1,780 
1.766 
1.784 
1.777 
1.780 
1.784 
1.781 
1.781 

1.775 
1.774 
1.773 
1,775 
1.782 
1.783 

1.784 
1.780 
1.779 
1.782 
1.778 

1.782 
1.782 
1.782 
1.783 
1.787 
1.786 
1.783 
1.783 
1.784 
1.783 
1.782 
1.782 

1.783 
1,783 
1.782 

High 
Avg. 
Low 

High 
Avg. 
Low 

1.784 
1.779 
1.766 

1.787 
1.781 
1.773 



TABLE 1 1 - 2 0 ( C o n t i n u e d ) 

o 

Slab 

(3) 

Section 

F 

G 

Distance from 
Top of Log 

(m) 

0.838 - 0,914 

0.914 - 0.991 

Sample 
Type 

Comp. 

Tens. 

Comp. 

Orien
tation 

Radial 

Axial 

Radial 

Axial 

Radial 

Sample 
No.<a) 

45 E 
47 E 
48 C 
49 E 
52 C 
257 E 
259 E 
261 E 
263 E 
265 E 
267 E 
269 C 
45 R 
48 R 
49 R 
52 R 
263 E 
265 E 
267 E 
269 E 
271 E 
273 E 
275 E 
277 E 
279 C 
281 C 

53 E 
56 C 
57 E 
60 C 

Burnoff 
(%) 

4.362 
0.858 
1.690 
1.947 
1.254 
0.579 
1.025 
3.426 
1.483 
0.839 
1.222 
4.404 
0.789 
2.944 
2.411 
0.780 
0.480 
1.462 
1.074 
2.147 
0.811 
4.197 
3.768 
1,112 
2.250 
4.5501 

0.642 
3.264 
2.675 
2.860 

Reaction 
Rate 
(%/h) 

0.0073 
0.0031 
0.0082 
0.0050 
0.0059 
0.0045 
0.0036 
0.0039 
0.0046 
0.0067 
0.0058 
0.0047 
0.0081 
0.0106 
0.0053 
0.0080 
0.0020 
0.0013 
0.0021 
0.0041 
0.0033 
0.0065 
0.0058 
0.0046 High 0.0106 
0.0020 Avg. 0.0052 
0.0071 Low 0.0013 

0.0054 
0.0084 
0.0084 
0.0047 

Density 
X 10 \ 
(kg/m^) 

1.774 
1.766 
1.766 
1.768 

1,784 
1.785 
1.786 
1.784 
1.782 

1.782 
1.780 
1.786 
1.776 
1.777 
1.787 
1.787 
1.787 
1.786 
1.785 
1.784 
1.786 
1.784 High 
1.784 Avg. 
1.781 Low 

1.772 
1.764 
1.775 
1.771 

1.787 
1.781 
1.766 



TABLE 11-20 ( C o n t i n u e d ) 

I 

o 

Slab 

(3) 

5 

Section 

(G) 

H 

I 

Distance from 
Top of Log 

(m) 

(0.914 - 0o991) 

0.991 - 1,067 

1.524 - 1.600 

Sample 
Type 

(Compo) 

Tens. 

Comp. 

Tens. 

' 

Comp. 

Orien
tation 

Axial 

Radial 

Radial 

Radial 

Radial 

Axial 

Sample 
No .(a) 

271 E 
273 E 
275 E 
276 E 
277 E 
279 E 
281 E 
283 C 
53 R 
56 R 
57 R 
60 R 

61 E 
62 C 
64 C 
65 E 
,68 C 
61 R 
64 R 
65 R 
68 R 

69 E 
72 C 
73 E 
76 C 
77 E 
78 C 

285 E 
286 E 
287 E 
289 E 
291 E 
293 E 
295 E 
297 C 

Burnoff 

(%) 

1»565 
1.399 
3,004 
1.743 
0o846 
1.382 
2.023 
0.915 

0.812 
4.248 
0„712 
2.715 

1.588 
0.666 
0.684 
4.614 
1.150 
4.377 
0.677 
3.417 
0.684 

1.956 
0.524 
2.865 
2.691 
0.920 
1.225 
4.589 
1.007 
1.977 
4.823 
0.607 
2.509 
1.627 
1.966 

Reaction 
Rate 
(%/h) 

0.0055 
0.0066 
0.0062 
0.0084 
0.0068 
0.0043 
0.0042 
0.0073 

0.0083 
0.0127 High 
0.0073 Avg. 
0.0060 Low 

0.0075 
0.0048 
0.0058 
0.0077 
0.0054 
0.0132 
0.0068 High 
0.0066 Avg. 
0.0070 Low 

0.0093 
0.0083 
0.0047 
0.0130 
0.0077 
0.0100 
0.0049 
0.0060 
0.0069 
0.0053 
0.0112 
0.0077 
0.0070 
0.0093 

0.0127 
0.0068 
0.0042 

0.0132 
0.0072 
0.0048 

Density 
X 10~^ 
(kg/m^) 

1.787 

1.780 
1.754 
1.778 
lo787 
1,778 
1.783 

1.774 
1.780 
1.777 
1.781 

1.769 
1,768 
1.782 

1.781 
1.781 
1.783 
1.783 

1.787 
1.792 
1.789 
1.799 
1.790 
1.800 
1.796 
1.800 
1.792 
1.792 
1.795 
1.795 

High 
Avg. 
Low 

High 
Avg. 
Low 

1.787 
1.776 
1.754 

1.783 
1.778 
1.768 



TABLE 11-20 (Continued) 

Slab 

(5) 

Section 

(I) 

J 

Distance from 
Top of Log 

(m) 

(1,524 - 1.600) 

1,600 - 1,676 

Sample 
Type 

Tens. 

Comp. 

Tens. 

Orien
tation 

Radial 

Axial 

Radial 

Axial 

Radial 

Sample 
No .(a) 

69 R 
72 R 
73 R 
76 R 
77 R 

283 E 
285 E 
287 E 
289 E 
291 E 
293 E 
295 E 
297 E 
299 C 
201 C 

80 C 
81 E 
84 C 
85 E 
299 E 
301 E 
303 E 
305 E 
307 E 
308 E 
309 E 
311 C 
80 R 
81 R 
84 R 
85 R 

Burnoff 

(%) 

1.128 
4.492 
3.009 
0.876 
4.218 
1.511 
4.677 
4.764 
0.650 
3.263 
5.062 
1.401 
2.289 
5.289 
2,445 

1.822 
5.209 
0,543 
2.023 
1.338 
4.638 
2.495 
2.015 
1.569 
1.183 
6.143 
0.734 
4.794 
2.214 
2.382 
2.561 

Reaction 
Rate 
(%/h) 

0.0177 
0.0180 
0.0088 
0.0138 
0.0081 
0.0062 
0.0091 
0.0093 
0.0065 
0.0033 
0.0078 
0.0058 

0.0054 High 0.0180 
0.0117 Avg. 0.0085 
0.0035 Low 0.0033 

0.0088 
0.0088 
0.0086 
0.0096 
0.0107 
0.0057 
0.0118 
0.0062 
0.0077 
0.0082 
0.0079 
0.0091 

0.0348 
0.0374 
0.0075 

Density 
X 10~3 
(kg/m-") 

1.796 
1.800 
1.798 
1.796 
1.797 
1.806 
1.806 
1,802 
1.804 
1.802 
1.804 
1.801 
1.803 
1.802 
1.802 

1.794 
1.799 
1.800 

1.792 
1.799 

1.791 
1.792 
1.788 
1.790 
1.783 
1.802 
1.798 
1.801 
1.805 

High 1.806 
Avg. 1.801 
Low 1.796 



TABLE 11-20 (Continued) 

Slab 

(5) 

Section 

(J) 

K 

L 

Distance from 
Top of Log 

(m) 

(1.600 - 1.676) 

1.676 - 1,753 

1.753 - 1.829 

Sample 
Type 

(Tens.) 

Comp. 

Tens. 

Comp. 

Tens. 

Orien
tation 

Axial 

Radial 

Axial 

Radial 

Radial 

Radial 

Sample 
No .(a) 

303 E 
305 E 
307 E 
309 E 
311 E 
313 E 
315 E 

317 E 
319 C 
321 C 

88 C 
89 E 
92 C 
93 E 
313 E 
315 E 
317 E 
319 E 
321 E 
323 E 
325 C 
88 R 
89 R 
92 R 
93 R 

96 C 
97 E 

100 C 
101 E 
102 C 
96 R 
97 R 

100 R 
101 R 

Burnoff 

(%) 

0.562 
4.573 
4.736 
1,166 
3,036 
5.376 
1.617 

4,691 
3.375 
1.764 

3.628 
2.022 
1.755 
6.563 
1.073 
2.599 
2.370 
2.218 
2.183 
2.326 
1.725 
1.931 
3.943 
5.311 
1,098 

2.431 
0.906 
5,060. 
3,877 
1.425 
4.013 
2,786 
1.490 
4.924 

Reaction 
Rate 
(%/h) 

0,0056 
0.0090 
0.0092 
0.0048 
0.0031 
0.0083 
0.0067 
0.0092 High 0.0374 
0.0034 Avg. 0.0100 
0.0073 Low 0.0031 

0.0104 
0.0098 
0.0083 
0.0112 
0.0046 
0.0123 
0.0073 
0.0109 
0.0093 
0.0110 
0.0138 

0.0303 
0.0110 High 0.0303 
0.0117 Avg. 0.0119 
0.0173 Low 0.0046 

0.0117 
0.0076 
0.0159 
0.0110 
0.0044 
0.0110 
0.0082 High 0.0234 
0.0234 Avg. 0.0116 

Low 0.0044 

Density 
X 10~3 

(kg/m-^) 

1.809 
1.809 
1.808 
1.808 
1.805 
1.806 
1.806 

1.807 
1.803 
1.802 

1.794 
1.800 

1.807 
1.799 

1,795 
1.793 
1.795 

1.785 
1,799 
1.803 
1.807 
1.802 

1.807 
1.807 
1.807 
1.815 
1.803 
1,809 
1.805 
1.808 
1.808 

High 1.809 
Avg. 1.800 
Low 1.783 

High 1.807 
Avg. 1.798 
Low 1.785 

High 1.815 
Avg. 1.808 
Low 1.803 

(a) 
Lateral location; C = center, E = edge, and R = whole radius, 



TABLE 11-21 
IMPURITIES FOUND IN STACKPOLE 2020 GRAPHITE 

Specimen 
Ntimber 

6799-52-11 

6799-52-34 

6799-53-43 

6799-53-58 

6799-54-71 

6799-54-98 

Mean 

Impurity Concentration (ppm) 

Al 

60 

20 

20 

60 

<1 

100 

43 

Ba 

20 

20 

20 

20 

10 

20 

18 

B 

2 

2 

2 

2 

2 

2 

2 

Ca 

200 

100 

100 

100 

100 

200 

133 

Cu 

<1 

<1 

8 

<1 

<0.5 

<1 

2 

Fe 

40 

10 

10 

4 

<1 

<1 

14 

Pb 

6 

60 

<6 

<6 

<6 

<6 

15 

Mg 

<0.5 

<0.5 

1 

1 

1 

1 

0.8 

Nb 

<6 

<6 

20 

<6 

<6 

<6 

8 

Si 

20 

80 

40 

60 

60 

60 

63 

Ti 

20 

2 

40 

40 

20 

10 

22 

V 

20 

<0.5 

20 

20 

10 

8 

13 

Position in 5.5-m Log 

Distance 
From Top 

(m) 

0.075 

0.250 

0.85 

0.95 

1.5 

1.8 

Edge 
or 

Center^^^ 

E 

C 

E 

C 

E 

C 

C = center sample obtained at depth of 44 mm or greater from surface 
E = edge sample obtained within 44 mm of surface 



APPENDIX 
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