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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 

The following reports under Task 100 represent analysis of experimental 

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

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

Subtask 110; Fission Gas Release 

In Fig, 4-1 of the previous quarterly report (Ref. 4-1), the datum at 

n = 0,2, T = '\̂600 K should have been represented by a solid symbol; i.e., 

this datum was obtained at P = 2.84 MPa, 

Subtask 130; Sorption of Fission Product Metals on Matrix Material 

Vapor Pressure of Cesium Sorbed on Irradiated Fuel Rod Matrix Material 

Introduction and Summary. The vapor pressures of cesium sorbed on 

irradiated fuel rod matrix material have been measured using a mass spec-

trometrlc method. The fuel rod matrix material (M-205) was irradiated In 
25 2 

capsule HB-2 at 500° to 600°C to a fluence of 3 to 4 x 10 n/m , The 

resulting isotheirms do not differ significantly from isotherms obtained for 

unirradiated matrix material. It is concluded that irradiation of fuel rod 

matrix material does not significantly alter the sorption behavior of 
25 2 

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

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

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

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

4-1 



range 44 to 74 \im. The sample is placed in a molybdenum Knudsen cell and 

maintained at a series of temperatures while the effusion of metal vapor 

from the cell is monitored with the mass spectrometer. The vapor and 

sorbed concentrations of the metal are determined from a knowledge of the 

initial and final quantities of sorbate and the time profile of the 

effusing metal. However, in the present experiments, the final concentra­

tion of sorbate (cesium sorbed on matrix material) could not be determined 

because of a Th impurity. The Th impurity, which was activated during 

irradiation of the matrix material. Interfered with the measurement of the 

small quantity of cesium remaining in the matrix material at the end of the 

experiment. To circumvent this difficulty, the Knudsen cell constant, 

which depends on the difference in the initial and final sorbate concentra­

tions, was independently determined by measuring cesium vaporization from 

an H-327 graphite sample in the same Knudsen cell as used for the matrix 

material experiment. With the aid of this constant, the final sorbed 

cesium concentration on the matrix material was determined. 

The fuel rod matrix material sample (M-205) is a petroleum-pitch-based 

material containing about 70 wt % pitch and 30 wt % graphite filler. The 

LHTGR reference matrix material contains about 60 wt % pitch and 40 wt % 

graphite filler. A more detailed comparison of the matrix materials is 

given in Ref, 4-5, 

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

bate concentrations, and the nominal temperature range for each run are 

given in Table 4-1. The vapor pressure data are presented in Table 4-2 and 

shown in Fig, 4-1. 

The vapor pressure data of Table 4-2 which are enclosed within the 

solid line are those corresponding roughly to the nominal temperature range 

of the measurements 5 the remaining vapor pressure data are extrapolated 

values. The dashed lines of Table 4-2 separate the concentration regions 

In which the isotherm behavior is expected to differ. For concentrations 

above the upper dashed line, the Freundlich isotherm is expected to domi­

nate. A fit of the data corresponding to these concentrations with the 
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TABLE 4-1 
HEAT OF ADSORPTION FOR CESIUM ON IRRADIATED FUEL 

ROD MATRIX MATERIAL (M-205) 

Cs Concentration 
(g Cs/kg matrix) 

46.14 

46.05 

45.96 

40.60 

28.29 

22.20 

14,61 

9.05 

6.10 

4.35 

3.07 

2.15 

1,36 

0.84 

0.57 

0,35 

AH 
(kj/mol) 

184 

187 

199 

185 

190 

187 

223 

233 

247 

270 

279 

284 

285 

296 

303 

301 

+ 

+ 

± 
+ 

+ 

+ 

± 
+ 

± 
± 
+ 

+ 

± 
+ 

± 
+ 

7 

13 

3 

6 

5 

4 

5 

3 

4 

7 

1 

2 

3 

2 

2 

6 

Nominal Temperature 
Range 
(K) 

600-800 

750-850 

800-950 

900-1000 

900-1050 

900-1050 

950-1100 

1000-1150 

1000-1150 

1000-1200 

1050-1250 

1050-1300 

1100-1300 

1100-1350 

1150-1400 

1200-1400 
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TABLE 4-2 
DATA FOR CESIUM SORPTION ON IRRADIATED FUEL ROD MATRIX MATERIAL (M-205) 

4:̂  
I 
4>-

C o n e , C 
/ g Cs \ 
\kg carbon/ 

14.61 
9.049 
6.104 
4.354 
3,074 
2,150 

1.360 
0.8401 

0,5710 
0.3502 

C o n e , C^^) 
/ mmol Cs \ 
\kg carbon/ 

109.8 
68.04 
45.89 
32.74 
23.11 
16.17 

10.23 
6.317 

4.293 
2.633 

i n C<=> 

4.699 
4.220 
3,826 
3.489 
3.140 
2.783 

2,325 
1.843 

1.457 
0.9682 

I n P(Pa)*^''^ 
700°C 

-3 .06 
-4 .38 
-5 .85 

^^7762 ^ 
-7 .88 

-10.36 

-11.54 
-13.03 

-14 .21 
-15 .31 

»« • •> • ••. rtaa 

800°C 

-0 .492 
-1 .71 
-3 .02 
-4 .51 
-5 .80 
-7 .09 

-8 .24 
-9 .63 

L _ _ . 
-10 .73 
-11.86 

900°C 

1.64 
0.513 

-0.643 
-1 .93 
-3 .13 
-4 .40 

-5 .53 
-6 .79 

-7 .83 
-8 .98 

1000°C 

3.43 
2.40 
1.35 
0.251 

-0 .884 
-2 .10 

-3 .25 
-4 .40 

-5 .39 
-6 ,54 

1100°C 

4.97 
3.98 
3.06 
2.11 
1.04 

-0,144 

-1 .28 
-2 ,37 

-3 .32 
-4.47 

1200°C 

6.29 
5.37 
4.51 
3.73 
2.69 
1.55 

0.415 
-0.606 

-1 .51 
-2 ,69 

1300°C 

7.44 
6.59 
5.80 
5.11 
4.15 
3.18 

1.89 
0.932 

-0.0647 
-1 .12 

(a) 
Data enclosed in solid line are within the nominal temperature range of the measurements! 

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

^̂ Ĉ = 1000C'/133. 
(c) 

in represents logarithm to the base e. 



10 

C (mmol/kg) 

100 

Fig. 4-1. Sorption isotherms for cesium on fuel rod matrix material (M-205) 
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Freundlich isotherm is shown in Fig. 4-1 by the solid lines. Extrapolation 

of these fits to lower concentrations indicates that the experimental data 

deviate from the Freundlich isotherm in the manner expected for a transi­

tion to the Henrian isotherm. 

On the basis of previous isotherms for cesium sorption on unirradiated 

fuel rod matrix material (M-205) (Ref. 4-5), the data of Table 4-2 below 

the lower dashed line would be expected to lie in the Henrian isotherm 

region. However, the experimental data do not extend to sufficiently low 

concentrations to conclusively establish a transition to the Henrian iso­

therm. Therefore, to extend the sorption data to the lower concentrations 

required in reactor calculations of fission product release, the Henrian 

isotherms found in the case of cesium sorption on unirradiated fuel rod 

matrix material (Ref, 4-5) are applied to the case of the irradiated fuel 

rod matrix material. These (Henrian) isotherms are indicated by the short 

dash-dot lines in Fig, 4-1 at concentrations below about 3 mmol/kg. As is 

evident from Fig. 4-1, this approximation will be conservatively high with 

respect to the vapor pressure of cesium in the Henrian region and conse­

quently also conservative with respect to release of cesium from the core 

of the HTGR. 

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

In P„ - (A + B/T) + (D + E/T) in C (4-1) 

and In P„ == (A + B/T) + [ (D - 1) + E/T] In C^ + In C , (4-2) 
n t 

where P * total vapor pressure of cesium. Pa, 

P„ = vapor pressure in the Freundlich region, 

P = vapor pressure in the Henrian region, 

In == logarithm to base e, 

C - concentration, mmol Cs/kg carbon, 

C = transition concentration, 

T = temperature, K, 

A,B,D,E - constants. 
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The values of the constants were found to be; A ^ 25.45, B = -46,275, D = 

-0,213, and E = 4309. The transition concentration is represented by the 

expression 

Ĉ  = a[l + e^n-V]-' , (4-3) 

where a, b. and T are constants with a = 8.5 mmol/kg, b =« 0,0055, and T = 
' ' o °' ' o 

1350 K, 

In Fig. 4-2, the isotherms for cesium sorption on irradiated and unir­

radiated fuel rod matrix material are compared. The solid curves represent 

the isotherms for irradiated matrix material and the dashed curves iso­

therms for unirradiated matrix material. Each isotherm shown is the sum of 

contributions from the Henrian and Freundlich representations (Eqs. 4-1 and 

4-2), For the isotherm at 1100°C representing unirradiated matrix 

material, the shaded area corresponds to the uncertainty band at the 95% 

confidence level. By inspection, it can be seen that the isotherms for the 

irradiated and unirradiated fuel rod matrix materials do not differ signif­

icantly. Also, the uncertainty band is essentially the same for the iso­

therms at 700°, 900°, and 1300°C as at 1100°C. Consequently, it can be 

concluded that the Irradiation of fuel rod matrix material does not signif­

icantly alter the sorption behavior of cesium, at least up to a fluence of 

4 X 10 n/m , 

Subtask 140; Diffusion of Fission Product Metals in Graphite 

Diffusion of Cesium in Graphite 

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

which is the reference graphite for the large HTGR, has been studied using 

a permeation method. The purpose of this work was to gain a better under­

standing of cesium transport in graphite and to reduce the uncertainty of 

data relating to cesium diffusivity in graphite. The AIPA study (Ref. 4-6) 

found that uncertainty in cesium diffusivity in graphite was the largest 

contributor to the uncertainty in cesium release predictions. 
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Fig. 4-2. Comparison of sorption Isotherms for cesium on irradiated (I) 
and unirradiated (U) fuel rod matrix material (M-205) 
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The permeation experiments were discontinued at the end of the transi­

tion period (end of September 1976) due to lack of funds. The following 

report is the first part of a final report covering the results of this 

work. 

In summary of the following report, results show that the "sterile" 

technique was successful in reducing the extent of the "burst effect" of 

permeation. An H-451 graphite sample was subjected to a number of anneals 

ranging from 40 minutes to 6 hours. Analysis of the resulting data, taking 

the "burst effect" into account, yielded a permeation coefficient of 2.1 x 
-12 2 10 m /s, in accord with previous values. Experiments on cesium takeup 

by H-451 graphite yielded a D' value of 1.7 x 10 s~ at 1388 K and an 

activation energy of 184 kJ/mol (44 kcal/mole) for bulk loading of the 

graphite. Other experiments confiirmed that charloaded graphite is ten 

times more sorptive than H-451 graphite. 

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

developed for measuring the permeation of cesium through graphite have been 

described in previous reports (Refs. 4-1 and 4-7). The basic method uses 

highly sorptive, charloaded graphite as the source and sink in measuring 

the transport of cesium across a barrier sleeve of the graphite to be 

studied. The source is a small rod that is completely enclosed in the 

sleeve, which is closed with tightly fitting plugs. This in turn is 

enclosed in the cylindrical sink, the ends of which are also tightly closed 

with caps. Thus, cesium has to travel through the graphite sleeve to reach 

the sink. These parts are illustrated in Fig. 4-2 of Ref. 4-7. A 

"sterile" technique was developed for protecting all parts from air or 

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

Before this "sterile" technique was developed, the time lag for cesium 

to penetrate the graphite sleeve was immeasurably short. This was thought 

to be due to the acceleration of cesium transport through graphite by 

traces of oxidizing gases, such as would be evolved upon heating of samples 

exposed to air. It seemed therefore to be of interest to measure the time 
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lag to determine the effectiveness of the "sterile" technique. Accord­

ingly, one of the sources used previously (Hb) was subjected to a number of 

40-minute anneals with a fresh sleeve. Once a constant rate of permeation 

was established, the system was subjected to additional anneals of 2 and 6 

hours. A fresh sink was used in each anneal; the experiments were con­

ducted at 1138 K. 

The results are given in Table 4-3 and plotted as cumulative transport 

(i.e., sink activity/source activity) versus cumulative time in Fig. 4-3, 

It can be seen that a time lag is present, but the points lie reasonably on 

two straight lines instead of a single one as would be expected. Clearly 

the amount of permeation is disproportionately large during the 40-minute 

anneal times. This has been observed previously and was attributed tenta­

tively to imperfect sinks (Ref, 4-1). This explanation is clearly not 

applicable here. The necessary conclusion seems to be that the "sterile" 

technique used is not sufficient to prevent residual traces of impurities 

which produce an initial "burst effect" of permeation of the order of 3 x 
-2 

10 % once the sleeve has been loaded to the steady-state condition, (The 
-2 

quantity 3 x 10 % was derived from the difference in the slopes of the two 

lines in Fig. 4-3.) By subtracting this quantity for each anneal, the 

points shown in Fig. 4-4 are obtained. These points define a good straight 

line and an intercept of about 1.8 hours. This may be a slight overesti­

mate [because the two first anneals give negative permeations (see Table 

4-3) which are neglected] but should be closer to reality than the 1.2-hour 

intercept obtained before correction. 

The diffusion coefficient obtained from the intercept is about 5 x 
-10 2 

10 m /s, whereas that obtained from the slope of the line in Fig, 4-4 is 
-12 2 

2.1x10 m/s,* As mentioned in the previous quarterly report (Ref. 

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

*In calculating these two diffusion coefficient values, Eq. 4-4 and 
4-5 of Ref. 4-1 were utilized. Both values were assumed to be diffusion 
coefficients, although the value 2 x 10"^2 ^/s ±s more correctly a per­
meation coefficient and the 5 x 10"^0 m2/s a retention coefficient. 
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TABLE 4-3 
CESIUM PERMEATION THROUGH H-451 GRAPHITE AT 1138 K 

Anneal 
Time 
(hours) 

2/3 

2/3 

2/3 

2/3 

2/3 

2/3 

2/3 

2/3 

2 

2 

6 

6 

Cumulative 
Anneal 
Time 
(hours) 

0,67 

1.33 

2.0 

2.67 

3.33 

4.00 

4.67 

5.33 

7.33 

9.3 

15.3 

21.3 

Sink 
Activity 

(UCi) 

0,0106 

0.0291 

0.0430 

0.0536 

0.0578 

0.0542 

0.0503 

0.0706 

0.124 

0.119 

0.292 

0.301 

Observed 

Sink/Source 
X 10^ 

1.43 

3.93 

5.81 

7.24 

7.81 

7.32 

6.84 

9.54 

16.8 

16.1 

39.5 

40.7 

Sink/Source 
Cumulative 

X 10^ 

1.43 

5.36 

11,2 

18.4 

26,2 

33.6 

40.4 

49.9 

66.7 

82.9 

122 

171 

Corrected 

Sink/Source 
X 10^ 

-1.57 

0.93 

2.81 

4.24 

4,81 

4.32 

3.84 

6.54 

13.8 

13,1 

36.5 

37.7 

Sink/Source 
Cumulative 
X 10^ 

-1.54 

-0.64 

2,18 

6.42 

11.23 

15.6 

19.4 

25.9 

39.7 

52.9 

89.4 

135 

Source activity was 74 yCi. 
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Fig. 4-3. Uncorrected cumulative transport versus cumulative time for 
permeation anneals using source Hb at 1138 K 
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Fig. 4-4. Corrected cumulative transport versus cumulative time for 
permeation anneals using source Hb at 1138 K 

4-13 



only a small part of the graphite cross section participates in the trans-
-12 2 

port. It can be noted that the permeation coefficient 2 x 10 m /s 

obtained for this sample of graphite is within the range of 1.6 to 3.6 x 
-12 2 

10 m /s found for four samples previously (Ref. 4-1). 

The "burst effect" found in these experiments is sufficiently small to 

be within experimental error for the 2 or 6 hour experiments. The line 

through these experiments in Fig. 4-3 gives a diffusion coefficient less 

than 3% higher than found above. 

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

some early experiments concerning the rate at which cesium is taken up by 

graphite. The experiments involved two steps. In the first step a small 

piece of graphite to be studied in the form of a rod (having the same 

dimensions as the source in the standard permeation experiment) was 

annealed within a niobium crucible with a large source of charloaded graph­

ite (having the form of the sleeve of the permeation experiments). In this 

way the total uptake could be measured as a function of time and tempera­

ture. The second step involved depletion of the graphite thus loaded by 

annealing it for a short time at low temperature (2 hours at 1138 K) in the 

presence of virgin charloaded graphite (again in the form of sleeve and 

plugs of the permeation experiments). In this way an easily removable, 

surface sorbed portion of the cesium could be measured whereas the 

remainder, which was much more difficult to remove, was formed by bulk-

sorbed cesium. 

These experiments were initiated before the importance of the 

"sterile" technique excluding air and moisture was appreciated and gave 

variable results which were difficult to interpret but pointed to a very 

long time of equilibration and high activation energy, making it clearly a 

different process from permeation. The experiments were then resumed using 

the "sterile" technique but difficulty was encountered with leakage of 

cesium during long anneals at high temperature, which could not be overcome 

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

4-14 



In these last experiments the graphite rod was broken into two halves 

so that two values were obtained in each anneal. The results are given in 

Table 4-4, The depleted values, which correspond to the bulk-sorbed 

cesium, are plotted in Fig, 4-5, In analyzing the results (i.e., in 

obtaining the percent equilibrium values), the assumption has been made 

that the charloaded graphite is ten times more sorptive than the H-451 

graphite (see below). As can be seen from Fig. 4-5, the results are 

compatible within the experimental uncertainty with the standard loading 

curve (solid curve) for a sphere. This means that substantially higher 

sorptivity ratios are not possible because then the samples would have 

reached, or come close to, equilibrium, which is certainly not the case. 

Substantially lower ratios are in principle possible on the basis of these 

experiments alone but are precluded by the structure of charloaded graphite 

and by other equilibration experiments (see below). 

Analysis of the cesium takeup data yields a D' value of 1.7 x 10 
-1 2 

s at 1388 K, where D' = D/a , D = the diffusion coefficient, and a = 

radius of the graphite crystallites (assumed to be spheroid). (See Ref. 

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

Figure 4-5 shows that it takes about 50 hours at 1388 K to reach the 

half saturation point and that to come within a few percent of equilibrium 

requires close to a thousand hours at that temperature. The process is 

much slower at lower temperatures. Assuming that loading at each tempera­

ture is proportional to the square root of time from the very beginning 

(which is the case for loading of a sphere), the individual points obtained 

at the other temperatures permit the construction of an Arrhenius plot 

(Fig. 4-6) which turns out very linear and indicates an activation energy 

of 184 kJ/mol (44 kcal/mole), which is appreciably higher than the value of 

about 145 kJ/mol obtained previously for permeation (see Ref. 4-1). It 

should be noted, however, that the assumption that the initial loading rate 

is proportional to the square root of time over more than an order of 

magnitude may well be in error because surface irregularities and very 

small particles are likely to give a higher initial rate. This would make 

the lower temperature (lower loading) points higher and thus would lower the 
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TABLE 4-4 
LOADING AND DEPLETION OF H-451 GRAPHITE 

Temp 
(K) 

1138 

1283 

1388 

1388 

1388 

Time 
(hours) 

16 

16 

16 

4 

48 

Sample 
No. 

20A 
20B 

21A 
21B 

22A^^> 
22B 

23A 
23B 

22A^^> 
24A 

Percent of 
Equilibrium(^) 

After 
Loading 

5.4 
5a9 

14.0 
13.4 

40.2 
38.9 

19.7 
18.5 

63.7 
52a2 

After 
Depletion 

0.92 
1.05 

8.5 
8.95 

33.2 
33a4 

15.2 
13.2 

58a7^^^ 
47.2(c) 

Difference 

4.5 
4.85 

5.5 
4.4 

7.0 
5.6 

4.5 
5.3 
3(d) 
5(d) 

The percent values given assume that the equilibrium 
sorptivity of charloaded graphite is 10 times that of H-451; 
they represent 100 x 10(a/w)/(A/W), where a and w are the 
activity and weight of the sample and A and W are the cor­
responding quantities for the charloaded graphite source a 

^ Note that sample 22A has a total anneal time of 64 
hours. 

Value not measured but calculated from assumed dif­
ference. 

Assumed on the basis of measured differences. 
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Fig. 4-6. Arrhenius plot of cesium takeup by H-451 graphite at 16 hours 
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activation energy. Hence, the value given (184 kJ/mol) is probably lower 

than the value which corresponds to takeup by the large particles. Since 

takeup of the bulk-sorbed cesium is likely to involve movement within the 

solid graphite structure rather than movement on pore surfaces as in per­

meation, it Is not surprising that the activation energy is higher for the 

takeup process than for the permeation process. 

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

the relative sorptivity of charloaded graphite and H-451 graphite were 

derived from experiments performed several years ago in which a cesium 

source was annealed with charloaded graphite and H-327 graphite for one or 

two 8-hour periods at 1470 K, and the sorptivity ratio was found to be ten. 

Other experiments showed that the difference in sorptivity between H-327 

and H-451 was negligible. 

Results of these experiments indicate that the time alloted (8 to 16 

hours) was not sufficient to approach equilibrium very closely| neverthe­

less, it would have been adequate to exceed 50% of the equilibrium value 

for H-451 (or H-327) graphite and probably somewhat closer for charloaded 

graphite. Hence the results probably were quite representative of the 

equilibrium condition and, if anything, tended to overestimate the 

sorptivity. Thus it seems that the ratio of ten used in the cesium takeup 

experiments (see above) and in calculating the permeation coefficients (see 

Ref. 4-1) is accurate to better than 30% and perhaps on the high side, and 

so are the permeation coefficients themselves. 

TASK 200; FISSION PRODUCT TRANSPORT CODES 

Subtask 210: Code Development 

Effect of Gas Phase Diffusion on Calculated Fission Gas Release 

In the previous quarterly report (Ref. 4-1), it was established that 

gas phase diffusion is involved in the release of fission product gases 

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

4-19 



system has an effect on fission gas release. This is a significant finding 

because the extent of fission gas release in HTGR systems, which operate at 

high pressure, is generally calculated (predicted) on the basis of fission 

gas release data measured at low pressure (for example, in the TRIGA test 

facility at General Atomic). 

On the basis of data given in Ref. 4-9, an analysis was performed to 

determine how taking gas phase diffusion into account would affect the 

calculated fractional release of Kr-85m (the reference fission gas nuclide) 

for an HTGR system. (Fort St. Vrain was the reactor system used.) The 

results show that including gas phase diffusion in the calculations would 

reduce the calculated release of Kr-85m by factors of about 5 and 1a5 at low 

and hjgh reactor power levels, respectively. It is clear, therefore that 

including the gas phase diffusion effect in reactor calculations would have 

a significant impact on predicted fission gas release. 

As described in Ref, 4-1, evidence for the contribution of gas phase 

diffusion was obtained from (1) an analysis of fission gas release data 

obtained from reactor, capsule, and loop (high pressure) tests and TRIGA 

(low pressure) tests* and (2) TRIGA tests designed specifically to deter­

mine the contribution of gas phase diffusion. This evidence is hardly 

adequate for taking gas phase diffusion Into account in reactor calcula­

tions. The reactor, capsule, and loop data have a large associated 

uncertainty and the TRIGA tests were conducted at low pressures over a 

narrow pressure range. 

It is concluded that gas phase diffusion is an important consideration 

in reactor calculations and that existing data on gas phase diffusion are 

inadequate and need to be verified and quantified. Accordingly, additional 

experiments on gas phase diffusion are planned. These experiments will be 

conducted over the full range of pressures of interest. 

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

Two new features were recently added to FIPERQ, which is the reference 

code for calculating the release of fission product metals from HTGR fuel 

elements. The first Is an automatic calculation of the "(^ factor" or 

"partition coefficient" at material interfaces. Previously (j) was input as 

a constant; now it is calculated as a fimctlon of concentration and temper­

ature. The model Is based on the assumption of a vapor pressure equilib­

rium in the interface gap. 

The second feature is a calculation of the removal by transverse flow 

or a purge gas stream. This model is also based on a vapor pressure 

equilibrium. The effect of the removal is introduced by subtracting a 

concentration and flow dependent term from the fission product source. 

Both of these new features introduce a nonlinearity into the calcula­

tion. This was taken care of by setting a logical flag and Invoking the 

existing iteration capability of FIPERQ. The method was successfully 

tested in a sample problem. 

Subsequent practical applications have disclosed some serious 

nifflierlcal problems in the method. The iterations do not always converge, 

and negative concentrations are observed. Preliminary investigations 

indicate that this Is a result of an oversimplified Iteration logic, and 

that a more sophisticated formulation will be required to solve this 

nonlinear problem, 

Subtask 220: Code Validation 

Analyses of two in-pile loops, the Commissariat a I'Energle Atomique 

(CEA) Saclay Spitfire loop (SSL-1) and Cadarache Pegase loop (CPL) tests, 

are being performed to permit comparisons of predicted and observed fission 

product release. Study of the behavior of cesium Isotopes has been empha­

sized in the SSL-1 test (Refs. 4-10, 4-11). Final predictions of cesium 

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

characterization of both fission gases and fission metals (Refs. 4-10, 

4-12). Analyses of the observed cesium profiles in the fuel rod - coolant 

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

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

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

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

TASK 300: FISSION PRODUCT DATA ANALYSIS 

A review has begun of release rate data used In accident calculations 

relating to plant siting. The release rate data pertain to the release of 

fission products from fuel particles. 

TASK 400: TRITIUM TRANSPORT 

This task is not funded for FY-77. 

TASK 500: PLATEOUT AND LIFTOFF 

This task is not funded for FY-77. 

TASK 600: COOLANT IMPURITY/CORE MATERIAL INTERACTION 

Subtask 610: Reaction of Coolant Impurities with Fuel Material 

Rate of Hydrolysis of Exposed Fuel Carbide 

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

ent rate of hydrolysis of ThC„ in graphite crucibles was determined at 

573 K, utilizing pressures from 0.2 to 2,5 MPa (2 to 25 atm). The objec­

tive of this work was to quantitatively determine the overall reaction rate 

of the fuel hydrolysis reaction as a function of helium pressure for com­

parison with theoretical predictions. The data are needed for use in pre­

dicting the consequences of a steam in-leakage accident, where hydrolysis 
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of some of the exposed carbide fuel material is postulated to occur. The 

results of this study agree with the theoretical prediction that the rate 

of hydrolysis of ThC„ fuel in graphite crucibles is Inversely proportional 

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

of water vapor through graphite. 

Introduction. The mechanism of hydrolysis of exposed carbide fuel in 

HTGR fuel elements comprises two distinct steps: (1) transport of water 

vapor through the graphite and (2) chemical reaction. The chemical 

reaction is given by the equation: 

ThC„ + H„0 = ThO„ + H„0 + CH, + H„ 
1 1 2 1 4 2 

+ other hydrocarbons (4-4) 

The yield of the gaseous products depends on experimental conditions, 

particularly temperature. At constant temperature, however, the yield of 

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

monitoring the effluent process stream for H„ and CH, was used as a measure 

of reaction rate. 

The rate of chemical reaction is known to be very fast (Refs. 4-13, 

4-14); therefore, the overall rate is predicted to be controlled by mass 

transport, due to transverse flow and/or diffusion. At reactor shutdown 

conditions, where the core pressure drop is low, transverse flow may be 

neglected, and the mass transport of water vapor through graphite to the 

reactive exposed carbide will be by Fickian diffusion as given by: 

J = AD dC/dl , (4-5) 

where J is the flux of water molecules through the graphite (mol/s), A is 

the diffusion area (m^), I is the diffusion length or web thickness (m), C 

is the water vapor concentration (mol/m^), and D -.j- is the effective 

diffusion coefficient for water vapor in the graphite (m^/s). D ^^ is 

given by: 
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^eff=K,2P; , (̂ -6> 

where m is a geometry correction term relating ordinary gas phase dif­

fusion, D. „, to that in graphite, P is the total gas pressure (Pa), and 

D . is defined as the diffusion coefficient for H„0 in He at a standard 
* o 

pressure, P , which is 0.1 MPa (1 atm). D _ can be calculated by the 
o 1 ,/ 

formula (Ref. 4-15): 

D° „ = 1.06 X lO-^""-^^ 

(= 2.4 X 10"^ m^/s at 573 K) (4-7) 

If virtually all the water vapor that diffuses in reacts rapidly with 

the exposed carbide, then dC/d£ can be assumed to be equal to the concen­

tration of water in the coolant channel divided by £, and Eq. 4-5 and 4-6 

can be combined to give: 

"'°1,2 ̂ Vo P 

Thus at constant T and P„ „, the flux of water vapor is predicted to be 
2 

inversely proportional to total pressure. 

Previous studies (Ref. 4-16) showed that the number of water molecules 

reacting in Eq. 4-4 is nominally 2.6 times that of ThC«. Accordingly, in 

the experiments described here, J is taken to be equal to 2.6 times the 

initial steady-state reaction rate of the ThC„ which is obtained from 

measurements of H„ and CH, production rate (see below). The procedure for 

this measurement is given in the next section. 

Apparatus and Procedure. The reaction rate studies were carried out 

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

taining temperatures up to 1223 K at helium pressures up to 5 MPa (50 atm), 
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The inner and outer chambers were separated by a closed tube of Inconel 

625, a material characterized by high strength and low oxidation at high 

temperatures. The inner chamber contained the test sample and was so 

designed that the incoming high-pressure helium-steam mixture was first 

heated and then passed upward over the graphite crucible. The outer 

chamber contained a resistance heater with suitable insulation and was 

independently pressurized with helium to maintain a near-zero pressure 

gradient across the Inconel chamber wall. The pressure within the furnace 

and any pressure differential existing between the inner and outer chambers 

were continuously monitored with absolute and differential pressure gauges, 

respectively. 

Prior to entering the inner chamber of the furnace, the high-pressure 

helium was passed through a charcoal trap maintained at 77 K to remove 

traces of oxygen. The helium was then saturated with water vapor at con­

trolled temperatures in a high-pressure saturator. After exiting from the 

furnace, the gas pressure was reduced and the low-pressure gas mixture was 

passed through a cold trap maintained at 195 K to remove the excess water 

vapor. Samples of the dry gas were automatically Introduced into a Varian 

trace gas analyzer every 15 minutes. The chromatogram peak areas were 

automatically integrated with a Spectraphysics Minigrater. 

The test samples were mixtures of bare ThC„ fertile fuel kernels 

approximately 500 lam in diameter and graphite shim particles homogeneously 

mixed with a small amount of graphite glue (Dylon grade GC) and pressed 

into graphite crucibles. The test samples were then high fired at 2073 K 

for 6 hours to form fuel rods containing only ThC„ and carbon. The ThC„ 
3 I I 

loading was 0.1 Mg/m , which approximates a fuel rod having 13% failed 

fertile particles. The graphite crucible design is shown in Fig. 4-8. The 

crucibles were machined from either H-327, H-451, or ATJ graphite. They 

were especially designed with a thick bottom and a long threaded top with 

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

marily through the crucible walls. 
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The test procedure was to quickly transfer a fuel rod/crucible sample 

from the anneal furnace to the inner chamber of the pressure rig and to 

immediately evacuate the system. The furnace was then back filled with 

purified He to the desired pressure and flow was established at 1.8 x 10 

m (STP)/s (1.1 liter/minute). The furnace was then brought to the test 

temperature (573 K) and the effluent process gas was continuously monitored 

with the Varian trace gas analyzer to obtain background impurity concentra­

tions. After test conditions had stabilized, the water saturator was 

valved in to start the test run. 

At this point, one of two procedures was utilized: (1) variable He 

pressure or (2) constant He pressure. In the variable pressure method, 

using a water vapor pressure of 2.6 KPa (0.026 atm), the overall rate of 

reaction was slow enough to permit the use of several different helium 

pressures in a single run. That is, after the gaseous reaction products 

stabilized at a given He pressure, the pressure was adjusted to a new value 

and a new steady-state reaction rate was obtained. In a given run, several 

different pressures could be investigated before the hydrolysis rate was 

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

H evolution. Previous work has shown that the number of moles H O reacted 

per mole ThC„ is nominally 2.6 (see above), and it has been experimentally 

shown by the constant pressure runs that the total moles H„ evolved at 573 

K is roughly equal to the moles of ThC„ in the sample (see Table 4-5). 

The constant pressure method utilized a higher water vapor pressure 

[18 KPa (0.18 atm)] and operated at a single He pressure until all hydrogen 

and methane evolution had ceased. 

At the conclusion of each run the total H„ or CH, formed was obtained 
2 4 

by integrating the concentration versus time data. The reaction rate was 

then converted to the fraction reacted per second at various times by 

dividing the amount of H„ or CH, produced (moles/second) by the total moles 

obtained in the run, J was calculated by multiplying the rate (fraction/ 

second) by 2,6 times the number of moles of ThC„ in the samples. 
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TABLE 4-5 
SUMMARY OF RESULTS OF HYDROLYSIS OF ThC2 IN GRAPHITE CRUCIBLES 

(Temperature = 573 K; He flow = 1.8 x 10"^ m3(STP)/s; Th loading = Oal Mg/m3(g/cm3),'^3.5 mmol, total) 

I 
M 
VD 

Run 
No. 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

Graphite 
Type 

H-451 
H-451 
H-451 
H-451 
H-451 
H-451 
ATJ 
ATJ 
H-327 
H-327 

A 

(xlO"^ m2) 

33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
31.2 
31.2 
33.5 
33.5 

^-3 
(xlO m) 

0.508 
0.508 
0.508 
0.508 
0.508 
0.508 
0.445 
0.445 
0.438 
0.438 

^^2° 
(kPa) 

2.63 
2.63 
18.2 
18.2 
18.2 
18.2 
18.2 
18.2 
18.2 
18.2 

^He 
(MPa) 

Variable 
Variable 
1.15 
0.79 
0.44 
0,20 
0.51 
1.46 
0.47 
1.67 

Total Gas 
Products 
Observed 

«2 
(mmol) 

ND^^> 
ND 
2.9 
2.7 
2.9 
4.4 
3.7 
2.9 
2.5 
3.7 
3.2 avg 

CH4 
(ymol) 

ND 
ND 
40 
48 
52 
58 
58 
58 
52 
52 
52.3 avg 

^^2 

1.01 
1.06 

0.86 

},.o 
lo,8 
0.95 avg 

(b) 

CH4 

0.86 
0.88 

1.03 

0.86 

1.03 

0.93 avg 

(a). 

He' 

n is the "order" or pressure dependence derived from the slope of plots of log rate versus log 
see Fig. 4-13. 

(b) ND = not determined. 



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

given in Table 4-5. 

Figure 4-9 is a plot of the concentrations of H2 and CH, versus time 

for run 6, which was operated at a constant P™ [1.14 MPa (11.3 atm)]. 

During this run the water saturator was intentionally turned off for 920 

minutes, demonstrating that the product gases were indeed evolved during 

hydrolysis of the ThC^ sample and not from some other source. Figure 4-9 

shows that hydrogen evolution during carbide hydrolysis at elevated temper­

atures far exceeds CH, formation. Also, the data listed in Table 4-5 show 

that the total moles H produced is roughly equal to the moles of ThC„ in 

the sample, which is 1/2.6 the theoretical yield. This suggested that a 

large fraction of the product gases remained sorbed in the sample or 

graphite. In fact, when some of the crucibles were heated above 573 K at 

the conclusion of the hydrolysis runs, large quantities of H and CH, were 

desorbed from the samples. Indicating rather strong sorption of these 

species of 573 K. 

Plots of the fraction H„ evolved for runs 6, 7, 8, and 9 are given in 

Fig, 4-10. It is seen that through about 50% of the reaction, the reaction 

rates are all quite linear with time. For analysis of the effect of pres­

sure, only the initial reaction rates were used. Figure 4-11 is a plot of 

the fraction of H„ versus the fraction of CH, evolved for four separate 

experiments at different He pressures. This plot shows that the ratio of 

H„ to CH, was independent of the total pressure and that when all the H^ 

had evolved, the CH, production ceased. 

Figure 4-12 is a plot of log H„ evolution (ymol/s) versus log total 

pressure for the H-451 crucible using both the variable pressure and constant 

pressure methods. The slopes of the lines thus obtained in the H„ plot in 

Fig, 4-12 are all nearly one, indicating agreement with the theoretical pre-

dictioua The rate is inversely proportional to total pressurea Also of 

interest is the fact that the absolute reaction rates of the two methods are 

very nearly linear with water concentration. The flux of water vapor, J, 

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

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

fusivities of the graphites are within a factor of two of each other, which 

is well within the normal variability for a given grade. 

Effective diffusion coefficients, D ^^, for all the test runs are 
ef f 

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

using Eq. 4-6, average geometry factors, m, were calculated (Table 4-6). 

TABLE 4-6 
m VALUES DERIVED FROM ThC„ HYDROLYSIS TESTS 

Graphite 

H-451 

H-327 

ATJ 

m 

0.004 

0.007 

0.009 

The values of m in Table 4-6 and D .j. in Fig. 4-14 are somewhat uncertain 
eff " 

because they are directly proportional to the value of the molar ratio of 

water reacting with ThC„. This molar ratio, taken to be 2.6 in this study, 

is uncertain and, therefore, the values of m (or D .^) should be confirmed 
eff 

with further studies. 

TASK 700: PLANNING AND COORDINATION 

Efforts under this task are continuing. 
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TASK 900: FORT ST. VRAIN CHEMISTRY SURVEILLANCE 

Subtask 940: Fort St. Vrain Coolant Impurity Surveillance 

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

Summary. The measured gas compositions in the coolant of the Fort St, 

Vrain HTGR during the initial rise to 27% power have been compared with 

predicted compositions using the Graphite Oxidation Program (GOP). 

Although changes in the code are clearly needed for a close correlation 

with actual compositions, a general agreement has been achieved. Evalu­

ation of the data is complicated at present by outgassing of the core com­

ponents and the fact that the hydrogen getter portion of the purification 

system was not operative. In spite of these complications, the data sug­

gest that radiolytic reactions are occurring and, at the low temperatures 

studied to date, appreciably affect the gas composition. The GOP analyses 

clearly overestimate the effect of irradiation as shown in the comparison 

with actual startup data at 19.5 and 27% of full power. Adjustment will be 

made in the input data to achieve better agreement. It is anticipated that 

more conclusive results will be achievable from future tests where more of 

the uncertainties will be eliminated. 

Introduction. Successful operation of a HTGR requires that the 

reactions of the coolant gas with the core components be almost eliminated. 

Thus, very high purity helium is used for the coolant in direct contact 

with the graphite fuel blocks. In spite of great care, very low levels of 

reactive impurities are expected during normal operation, with much higher 

concentration possible during abnormal or accident conditions. To enable 

reactor designers to set realistic helium purity standards, estimates must 

be made of the rates of reactions expected. Considerable kinetic data have 

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

*This work was performed by G. L. Tingey and W. C. Morgan (Battelle 
Pacific Northwest Laboratory) under a subcontract. 
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coolant chemistry of the HTGR system. The task presently is to verify, and 

modify where necessary, the codes used for these predictions. The startup 

tests of the Fort St. Vrain HTGR provide a unique opportunity to test the 

validity of these codes. The current tests are particularly suited for 

this verification because the water levels are sufficiently high to yield 

measurable reaction rates, and the lower power tests are conducted at low 

enough temperatures to enable evaluation of irradiation-induced reactions 

without interference from thermal reactions. 

In this study, the measured gas compositions are compared with those 

calculated using the GOP code (Refs. 4-17, 4-18). These comparisons are 

then used to evaluate the validity of the reaction parameters used in the 

GOP code. Revisions are made where necessary to improve the accuracy of 

the code. 

In this report, measured gas compositions up to 27% of full power are 

compared with calculations. The conclusions from these evaluations, 

although preliminary, give some insight into the importance of irradiation-

induced reactions in the HTGR system. 

Description of Model, Because of the complicated nature of the 

coolant chemistry of the reactor system, it is virtually impossible to pre­

dict the effect of impurity gases in a helium-cooled reactor without the 

aid of a mathematical model. Several computer codes to evaluate the 

coolant chemistry have been developed in the U.S. and in Europe, In this 

study, data from the Initial rise to power of the Fort St. Vrain HTGR were 

evaluated using the GOP code, which treats the system in a fairly simple 

fashion, but which attempts to include most of the anticipated chemical 

reactions including the irradiation-induced reactions. An earlier version 

of this code and the model on which the code is based were described pre­

viously (Refs, 4-17, 4-18), 

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

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

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

gas-solid reactions are for the chemically controlled rates. 

It is, therefore, necessary to account for diffusion in and out of the 

pores of the graphite. This is done in the GOP code by calculating an 

"equivalent depth of oxidation" and by solving the Bessel functions for 

diffusion from the interior of a hollow cylinder to obtain the volume 

integral reaction rates. 

The radiolytic reactions along with their yields (G values) are listed 

in Table 4-8. The kinetic rate expression for these reactions is of the 

general form 

R* = EF F GT^^^e"^^'^^ , (4-9) 
p c 

where E = energy transferred to the gas molecules, 

F = a partition function to account for distribution of active 
P 

species to the various paths, 

F = a factor which accounts for the efficiency of energy transfer 

from helium to the reactive gases at low concentrations, 

G = radiolytic yield of the reaction in units of reactions per unit 

of energy adsorbed in the gas, 

T = gas temperature, 

A = activation energy for the reaction. 

Although some of the G values for the radiolytic rates have experimental 

bases, the other parameters, i.e., distribution of active species and 

efficiency of energy transfer, are merely estimates based on scientific 

judgment. Thus, to establish the validity of the calculations, experi­

mental evaluation of these parameters is badly needed. The analysis of the 

Fort St. Vrain data is one attempt to obtain experimental data for such an 

evaluation. 

4-40 



TABLE 4-7 
KINETIC RATE EXPRESSIONS 

I 

Reac t ion 

C + H„0 •+ CO + H„ 

C + CO. + 2C0 

CO + H^O ^ CO2 + H2 

CO + H ->- H 0 + CO 

Rate Express ion 

d[-C] _ 
dt 

d[-C] .. 
d t 

d[-C0] 
d t 

d[-C02] 

d t 

S\o 
' ^ h\'-'' ^ h\o 

^^co^ 

' "• ^2^00 ^ S^CO^ 

k P ^/2p 

"rco H20 
(' "• S \ o ) ^ / 2 

••h'co^\'^'^h'co^\'^' 

(a) K ine t i c Constants 

k^ = 0.513 e -^ ° ' 500 /^^Pa -^s -^ 

k2 = 2.92 X 10-^ /28 .600 /RTj ,^ -0 .75 

k3 = 5.24 X 10-^ / 2 7 , 5 0 0 / R T p ^ - 1 

k^ = 16.7 e - ^ 6 ' S ° ° / ^ ^ Pa-^s -^ 

k 2 = 1 . 1 3 K 10-9 e^29.500/RT P ^ - 1 

k^ = 2.63 X IQ-^ Pa~^ 

u - 0 Ko ^ i n " -65,500/RT „1/2 -1 /2 -1 k, = 2.52 X 10 e I mol s 

k^ = 2.18 X 10^ I mol"^ 

, , „ , , 1 3 -78,00O/RT ,1 /2 , - 1 / 2 -1 k = 1 , 2 x 1 0 e ' i mol s 

, 7 £ ir>4 -39,200/RT J / 3 , - 1 / 3 -1 
k = 7 . 6 x 1 0 e ' i mol s 

Reference 

4-15 

4-19 

4-20 

4-21 

Activation energies are given in cal/mol, and R = 1.987 cal deg mol ; to convert calories to joules, 
multiply by 4.18 and use R = 8.314 joule deg-1 mol~^. Other units are Pascal (Pa), liter (i), mole(mol), and 
second (s). 



TABLE 4-8 
RADIOLYTIC REACTIONS CONSIDERED IN GOP-3 

Reaction 

C + 2H 0 -> CO + 2H 

C + CO -> 2C0 

2C0 -̂  C + C0„ 

CO + Ĥ O -> CO2 + H^ 

"2 ̂  ^°2 ̂  ^° + "2° 
C + 2H- -> CH, 

/ 4 

Yield^^> 
(reactions/100 eV) 

0.9 

0.675 

1.0 

0.179 

0.757 

1.0 

Activation 
Energy 
(cal) 

_ „ 

__ 

— 

200 

215 

— 

Reference 

4-22 

4-23 

(b) 

4-24 

4-24 

(b) 

Radiolytic yields are normally given in G values, which are 
the yields in units of molecules formed or removed per 100 eV (or 16 
aJ) of absorbed energy. 

Assumed yield. 
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Integration of the rate of change in gas composition with distance 

along the flow channel is accomplished by use of the Runge-Kutta method to 

obtain starting data required by the predictor-corrector procedure at the 

inlet to the flow channel and repeated use of Milne's predictor formula to 

obtain integral solutions at subsequent points along the channel. Provi­

sions for input variations in temperature and radiation dose rate with 

position, as well as variations of flow rate and flow fraction for differ­

ent regions of the core, allow considerable flexibility in modeling the 

operating reactor. 

Data on the temperature and power distributions, flow velocities, and 

flow fractions for each of the 37 fuel regions of the Fort St. Vrain 

reactor at three different times during the planned startup testing were 

obtained from GA. These data were reduced to 5 or 6 equivalent regions. 

For many of the calculations, satisfactory accuracy could be obtained when 

the 5 or 6 equivalent regions were further reduced to a single region to 

represent the entire reactor core. With the single-region representation, 

1 hour of reactor operation at full power requires only 25 seconds of 

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

Results. Initial startup tests in the Fort St. Vrain reactor were 

conducted in April and May 1975. During these tests the power was limited 

to 2% of full power. Although the data were very limited, and to some 

extent uncertain, valuable information was obtained which was compared 

(Ref, 4-24) with calculated gas compositions. 

Startup tests were again resumed in July 1976 and operation continued 

until early August. During these tests the reactor was operated at various 

power levels up to 27% of full power. Gas compositions were analyzed by 

gas chromatography sensitive to concentrations of less than 0.1 ppm. Table 

4-9 lists the results of the analysis at five power levels. These levels 

were chosen because the power was held relatively constant for a period 

long enough to have a reasonable chance of nearing the steady-state gas 

compositions. Table 4-9 also shows calculated gas compositions for condi­

tions comparable to those of the tests. Since moisture input is probably 
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TABLE 4-9 
MEASURED AND CALCULATED GAS COMPOSITIONS FOR FORT ST. VRAIN STARTUP CONDITIONS 

H^O, ppm 

CO, ppm 

CO^, ppm 

H^, ppm 

CH^, ppm 

H^/H^O 

H^/CH^ 

CO/CO2 

Outlet 
temp, "C 

H^O leak 
rate, kg/hour 

H„ purification rate 

H„0 purification rate 

2% 

GOP 

20 

0.02 

1.7 

14 

1.0 

0.7 

14 

0.01 

240 

0.018 

0.1 

Power 

Measured 
7/15 to 7/20 

30 

0.2 

0.7 

22 

0.3 

0.73 

73 

0,3 

240 

%Q 

7 

GOP 

16 

0.8 

4.9 

7.6 

1.5 

0.5 

5 

0.16 

330 

0.018 

1 

5% Power 

Measured 
7/11 to 7/15 

50 

1 

3 

25 

1.2 

0.5 

21 

0.33 

330 

0/0 

11 

GOP 

33 

3.7 

13.3 

18.4 

6.0 

0,56 

3.1 

0.28 

390 

0.018 

1 

.4% Power 

Measured 
7/24 to 7/27 

34 

1.5 

2.5 

33 

2 

1 

16.5 

0.6 

390 

M) 

19. 

GOP 

102 

25 

56 

65 

35 

0.64 

1.9 

0.45 

450 

0.18 

1 

5% Power 

Measured 
7/30 

100 

2 

6 

80 

3.5 

0.8 

23 

0.33 

450 

'x.O 

27% 

GOP 

90 

32 

60 

61 

45 

0.67 

1.4 

0.53 

500 

0.18 

1 

Power 

Measured 
8/1 to 8/2 

80 

3 

7 

30 

3 

0.38 

10 

0.43 

500 

1 



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

inleakage rates have been adjusted to yield a moisture level approximately 

that observed in the tests. The measured impurity gas concentrations are 

quite variable, and thus the values listed in Table 4-9 are best estimates 

of the steady-state composition. The ratio of purification flow to total 

flow was also varied during the testing period but was monitored. There­

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

The hydrogen purification system was not functioning properly during 

the testing period with the exception of the last 2 days of the 27% power 

runs; therefore, one parameter which should be adjusted is the hydrogen 

purification factor. This has been tested at the 2% power level and yields 

an improved fit with the measured values, but this parameter has not yet 

been considered at other power levels. 

Discussion. The comparison of the data in Table 4-9 shows the extent 

of agreement of the calculated gas compositions with the measured ones. 

The extent of agreement is best indicated by comparing calculated and 

measured gas product ratios. Obviously the agreement is not as close as 

desired, but many meaningful observations appear to be possible. It should 

be recognized that the model treats a system where the only source of 

impurity is from leakage from outside the core. During the early stages of 

startup this is certainly not true, since gases are being desorbed from the 

core components. It could be argued that the gas compositions are entirely 

dictated by outgassing rates and it is indeed true that the product ratios 

fall within the widely varying product ratios reported from outgassing of 

various grades of graphite. However, the almost steady source of gases 

observed at constant temperature is not consistent with the exponentially 

decreasing rate observed in outgassing studies. In addition, outgassing 

should be very slow or nonexistent when the temperature is decreased during 

the course of the test below the maximum temperature to which the core has 

been exposed. For these reasons the tendency is to reject the theory that 

the gases observed are solely a result of outgassing. Rather it appears 

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

between the gaseous components in the coolant. 

GOP estimates predict that thermally induced reactions make an almost 

insignificant contribution to the reactions at the temperatures of interest 

(up to 500°C). Therefore, radiolytic processes appear to be controlling 

the system. 

The gas product ratios are reasonably close to predicted values in 

most cases. The gas composition data at 19.5 and 27% power, however, 

clearly show that the code is overestimating the rate of the radiolytic 

process. Changes will, therefore, be made in the code to bring the 

prediction closer to the measured values. Studies are currently under way 

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

Future tests are expected to resolve some of the problems in interper-

tation of the data because outgassing should continue to decrease and the 

purification system will be operative for hydrogen removal. The true 

success of this program is to be measured by improving the ability to more 

accurately predict gas compositions in the HTGR, Some progress toward this 

goal is already being made. 
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9. HTGR FUEL DEVELOPMENT AND ENGINEERING 

189a NO. 00551 

TASK 100: FUEL PRODUCT SPECIFICATION 

Work continued on the Fuel Product Specification support document. 

The BISO ThO portion of the document was drafted and prepared for review 

at ORNL. 

TASK 200; ACCELERATED IRRADIATION TESTING 

Subtask 210s Fresh Fuel Qualification 

Summary and Conclusions 

Irradiation of capsule P13V was completed on November 11, 1976. The 
25 2 

capsule reached a peak exposure of 9 x 10 n/m (E > 29 fJ)„„^„, and the 

end-of-life Kr-85m fission gas release was <10 for all cells. The post­

irradiatlon examination (PIE) on capsule P13V is scheduled to begin in the 

GA Hot Cell during the first quarter of FY-78. 

The PIE of capsule P13T was started in the GA Hot Cell on September 

10, 1976, The capsule has been disassembled, and the following PIE items 

have been completed: 

1. Fuel rod removal from graphite bodies. 

2. Visual examination. 

3. Dimensional measurements on graphite bodies and fuel rods. 

4. Gamma scanning and fission gas release. 

The PIE is scheduled for completion by January 1977, with a final report to 

be Issued by March 1978. 
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Capsule P13V 

Capsule P13V is a constant temperature and thermal cycle qualification 

test of WAR TRISO and Th02 BISO cured-in-place fuel. Irradiation of this 

capsule was started on March 2, 1976 and was completed on November 11, 1976 
25 2 

when the experiment reached its peak design exposure of 9 x 10 n/m (E > 

29 fJ)̂ ĵ gĵ . 

Following the GETR shutdown on November 11, 1976, the P13V capsule was 

discharged from the reactor on November 13, 1976. Neutron radiographs of 

the capsule have been planned prior to its shipment to the GA Hot Cell. 

The PIE on P13V is currently scheduled to begin during the first quarter of 

FY-78. 

Cells 4, 5, and 6 reached design temperature only 50 to 75% of the 

time. During these periods, the temperature averaged 50° to 100°C below 

design for cells 5 and 6 and 100° to 200°C below design for cell 4. The 

low-temperature operation of these cells was caused by frequent GETR 

shutdown, which resulted in generally low control rod bank positions. The 

low rod bank position caused the flux seen by P13V to be generally skewed 

from design conditions toward the bottom of the core. 

Sufficient W/Re thermocouple decalibratlon data were internally gen­

erated from P13V so that a set of new decalibratlon factors could be 

derived. In late October these data, when averaged with the decalibratlon 

factors established for P13R and P13S, were used to modify the control 

temperature set point for each of the P13V cells. As a result of this 

analysis, it appeared that during periods in which the GETR rod bank was 

greater than 25 in., cell 5 of P13V was operated at near 1500°C rather than 

the specified 1375°C temperature. The operating set point for cell 5 was 

therefore changed from 1375° to 1500°C on October 22, 1976 so that this 

cell would continue to operate at the control temperature set point 

specified originally in the P13V Irradiation Test Plan. 
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Flow tests run during a recent GETR shutdown indicated that cell 3 and 

the thermocouple cell had developed secondary-to-primary containment leaks. 

Cells 1, 2, and 4 had previously exhibited these same leaks. In addition, 

a special argon tracer gas test on all of the P13V cells indicated that 

cells 5 and 6 also contained these leaks. This problem will be investi­

gated through the neutron radiographs planned for P13V and during the 

postirradiatlon examination of this capsule. 

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

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

Thermal analysis work on P13V was continued during the quarter. All 

of the TAC2D computer models were completed for each cell and beginning-of-

life temperature matching was begun. Preliminary results indicated general 

agreement within 10 to 15% between calculated and corrected thermocouple 

temperatures. Efforts are under way to correct the calculated power in 

each cell to account for the difference. 

Capsule P13T 

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

irradiation tests conducted under the HTGR Fuels and Core Development Pro­

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

qualification test of reference fresh fuel [TRISO UC (VSM) and BISO ThO^ 

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 

ĤTGR° 
25 2 

irradiated to a peak fast fluence of 8.8 x 10 n/m (E > 29 fJ) . A 

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

The detailed PIE plan for P13T (Ref. 9-2) was reviewed, comments on 

the plan were resolved, and the plan was formally issued during the 

quarter. 

^Figures appear at the end of Section 9. 
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CURRENT 
(a) TABLE 9-1 

STEADY-STATE P13V OPERATING CONDITIONS 

Cell 
No. 

1 

2 

3 

4 

5 

6 

Control 
Design 

1250 

1150 
(860) 

1250 
(1175) 

1250 

1375 

1250 

Rod ban 

Temperature (°C) 
Decalibrated(b) 

1186 

TC failed 
946 

TC failed 
1208 

1084 

1406 

1265 

k = 27.7 in. 

Cell Contents 

WAR UC2 TRISO/ 
Th02 BISO 

WAR UC2 TRISO/ 
Th02 BISO 

Th02 BISO only 

Unbonded reference 
VSM UC2 TRISO/ 
Th02 BISO particles 

WAR UC2 TRISO/ 
Th02 BISO 

WAR UC2 TRISO only 

Fast Fluence 
(x 1025 n/m2) 
(̂  > 29 fJ)^^^^ 

5.8 

7.9 

7.8 

7.4 

5.7 

3.7 

R/B 
Kr-85m 
X 10-5 

0.4 

0.4 

5.0 

1.0 

2.0 

1.0 

(a) 

(b) 
October 3, 1976. 

Decalibratlon factors based on P13R and P13S data. 
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The GA P13T PIE cognizant engineer observed the P13T lead pipe cutoff 

and shipping preparations at ORNL from August 23 to 25. The cuts and pack­

aging were done without difficulty. Neutron radiographs of P13T were not 

taken at ORNL because all of the equipment needed to seal the experiment 

within the ORR neutron radiograph facility was not available when needed. 

In addition, it was desired to start the PIE of P13T in early September at 

the GA Hot Cell. The capsule left ORNL via motor freight transport on 

August 27, 1976 and arrived at the GA Hot Cell on September 8, 1976, 

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

1976. All four graphite crucibles were removed from the metal containments 

without difficulty. Removal of dosimeters and thermocouples from crucible 

1 was difficult. This may be attributed to the followingJ 

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

2. Impure secondary containment gas was used for a short period 

after the secondary-to-primary containment leak in cell 1 was 

discovered during capsule operation. 

Some evidence of apparent diffusion bonding between niobium dosimeter 

containments was observed in crucibles 1 and 2, The new concept of placing 

dosimeters in alumina vials within sealed niobium tubes appears to have 

been quite successful and an improvement over the dosimetry containment 

used in previous capsules. 

The primary-to-secondary containment leak that was observed in cell 1 

during the operation of the capsule was found to have been caused by leaks 

around two thermocouple penetrations through the bottom head of the cell 1 

primary containment. 

Fission gas release characteristics were then determined on each of 

the four crucibles utilizing the TRIGA irradiation facility at GA, The 

results of the PIE fission gas release analysis for each of the loaded cru­

cibles are shown in Table 9-2, along with end-of-life in-pile R/B values 
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TABLE 9-2 
TRIGA RELEASE RESULTS FOR P13T CRUCIBLES 

Crucible 
No. 

1 

2 

3 

4 

Cell 
No. 

1 

2 

2 

2 

TRIGA 
Kr-85m 
R/B 

-4(^> 
1.3 X 10 ̂  

1.3 X 10"^ 

8.0 X 10~^ 

2.6 X 10"^ 

EOL 
In-Pile 

Kr-85m R/B 

1.6 X 10"^ 

Cell 2: 

2.8 X 10"^ 

(a) 
Crucible irradiated in TRIGA at room temperature; 

R/B value shown corrected to 1100°C. 

9-6 



for each cell of P13T. Because of a heater tube failure, crucible 1 was 

irradiated in TRIGA at room temperature and corrected to 1100°C. Because 

this results in a large correction, the R/B for four fuel rods from cru­

cible 1 were run in TRIGA at both room temperature and 1100°C to establish 

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

All of the fuel rods were pushed out of crucibles 1, 2, and 4 and two 

fuel rods were removed from crucible 3 without difficulty using the 

unloading mechanism shown in Fig. 9-9. The force necessary to begin the 

fuel stack movement in each fuel hole is shown in Table 9-3. Note that the 

higher forces are apparently associated with Great Lakes Carbon Corporation 

H-451 graphite. 

Fuel Rod Visual Examination. General irradiation performance of fuel 

rods after Irradiation was assessed by visual examination. The examination 

was conducted using an In-cell Bausch and Lomb stereomlcroscope with a 

magnification range of 4 to 30X and a camera attachment for photography. 

The criteria used during the visual examination for judging fuel rod 

Integrity are that fuel rods remain intact and experience negligible 

debonding. In addition, the visual examination serves to characterize the 

following: 

1. Surface striations and fuel particle damage attributed to 

unloading cured-in-place irradiated fuel rods. 

2. Fuel particle damage attributed to irradiation. 

The general irradiation performance of all P13T fuel rods was good to 

excellent. Figure 9-10 is a photomicrograph of fuel rods unloaded from 

body 1, column B. The surface appearance of these rods is excellent and 

representative of most P13T fuel rods. Two rods (2B1 and 2B2) exhibited 

surface striations, which were attributed to unloading damage. 

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

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

IN EACH FUEL HOLE OF CAPSULE P13T 

Crucible 
No. 

1 

1 

1 

2 

2 

2 

3 

4 

4 

4 

Hole 

A 

B 

C 

A 

B 

C 

B(-> 

A 

B 

C 

Nominal 
Fuel Rod 
Diameter 

(mm) 

15.8 

15.8 

15.8 

15.8 

15.8 

15.8 

15.8 

15.8 

15.8 

15.8 

Nominal 
Fuel Stack 
Length 
(mm) 

182.8 

182.8 

182.8 

100.1 

100.1 

100.1 

100.1 

121.9 

121.9 

121.9 

Graphite 
Type 

H-451 

H-451 

H-451 

TS-1240 

TS-1240 

TS-1240 

H-451 

TS-1240 

TS-1240 

TS-1240 

Force Necessary to 
Begin Fuel Stack Movement 

(Newtons) 

667 

534 

489 

44 

22 

22 

356 

<22 

53 

22 

The remaining two fuel holes in crucible 3 were not unloaded as 
this body is planned to be used for postirradiatlon annealing thermal 
stability experiments under another ERDA program. 
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impossible to discriminate at 'V̂SOX if failures were fissile, fertile, or 

inert particles. The results of the visual examination are summarized in 

Table 9-4. 

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

fuel rods were carbonized In-place in the graphite fuel bodies. The rods 

were fired with Graf oil disks '\J0.13 mm thick by 15.8 mm in diameter sepa­

rating all fuel-rod/graphite and fuel-rod/fuel-rod interfaces. The Grafoil 

spacers prevented intimate bonding during carbonization; however, portions 

of the disks, and in some Instances intact disks, remained adhered to the 

rod during preirradiation and postirradiatlon length measurements, 

Preirradiated fuel rod dimensional measurements were made on histor­

ical quality control rods which were carbonized in graphite bodies and 

removed. These rods were comparable to the actual irradiated rods and pro­

vided a statistical base for defining the dimensional limits of rods car­

bonized in-place. One axial and one diametral measurement were made on 

each rod using calibrated micrometers. The tolerance on any Individual 

measurement was ±0.013 mm. Table 9-5 presents statistical limits on the 

diametral and axial measurements for preirradiated fuel rods. 

Postirradiatlon fuel rod dimensional measurements were performed using 

a calibrated dial gauge micrometer that could be interpreted to ±0,013 mm. 

Two axial measurements rotated 90° to one another were taken on each fuel 

rod. Six diametral measurements were made at randomly selected 0° and 90° 

orientations. Table 9-6 summarizes axial and diametral irradiation-induced 

strains in P13T fuel rods. The table defines statistical bounds at the 95% 

confidence level for mean axial and radial strains. The bounds establish 

limits based on the uncertainty of the preirradiated dimensional 

measurements. 

Graphite Crucible Dimensional Measurements. Extensive measurements 

were made on the graphite fuel bodies from P13T. The dimensional change 

data for P13T graphite crucibles for axes both parallel and perpendicular 

to the extrusion axis are presented in Table 9-7. Greater dimensional 
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TABLE 9-4 
STEREO VISUAL EXAMINATION OF P13T FUEL RODS 

Capsule 
Ident.(3) 

1-1A1 
1-1A2 
1-1A3 
1-1A4 
1-1B1 
1-1B2 
1-1B3 
1-1B4 
1-lCl 
1-1C2 
1-1C3 
1-1C4 

2-2A1 
2-2A2 
2-2B1 
2-2B2 
2-2C1 
2-2C2 

2-3B1 
2-3B2 

2-AA1 
2-4A2 
2-4A3 
2-4A4 
2-4B1 
2-4B2 
2-4B3 
2-4B4 
2-4C1 
2-4C2 
2-4C3 
2-4C4 

Fuel Rod 
Designation 
7161-008-

01-9 
04-3 
07-9 
10-6 
02-10 
05-20 
08-11 
11-7 
03-12 
06-2 
09-12 
12-1 

13-2 
16-12 
14-5 
17-14 
15-3 
18-4 

20-11 
23-4 

25-6 
28-6 
31-7 
34-7 
26-12 
29-2 
32-15 
35-3 
27-4 
30-1 
33-9 
37-8 

Capsule Design , , 
Irradiation Conditions 

Temp. 

CO 

1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 

1100 
1100 
1100 
1100 
1100 
1100 

1100 
1100 

1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 

Fast Fluence 
(x 1025 n/m2) 

(E > 29 fJ)„^^j^ 

4.7 
5.8 
7.3 
8.4 
4.7 
5.8 
7.3 
8.4 
4.7 
5.8 
7.3 
8.4 

9.0 
8.8 
9.0 
8.8 
9.0 
8.8 

7.9 
7.0 

5.7 
4.8 
3.9 
3.1 
5.7 
4.8 
3.9 
3.1 
5.7 
4.8 
3.9 
3.1 

Maximum Force 
Required To 
Remove Fuel 
Column From 

Graphite Body 
(Nec-Jtons) 

667 
667 
667 
667 
534 
534 
534 
534 
890 
890 
890 
890 

44 
44 
22 
22 
22 
22 

356 
356 

<22 
<22 
<22 
<22 
53 
53 
53 
53 
22 
22 
22 
22 

Macroscopic Visual Examinat 

Observed 
Surface Striations 
Attributed to 

Unloading 

None 

! 
Yes 
Yes 
None 

Failed OPyC 
Layers Within 

Surface Striations 

NA^ = ) 

1 
19 
21 
NA 

f 

ion at 20X Magnification 

Failed OPyC Layers 
Attributed to Performance 

Total No. of Particles 
Observed on Surface 

350 
175 
168 
700 
350 
350 
700 
350 
350 
350 
700 
700 

290 

1 

290 
583 

175 

T 

Failed OPyC 
Layers 

m 
10.3 
1 .1 
6.0 
6.1 
10.6 
18.0 
14.7 
3.7 

27.7 
12.6 
9.6 
18.0 

0 
0 
0 
2.7 
0 
0 

0.3 
9.3 

0 
0 
0.6 
0 
0 
2.8 
0 
0 
0 
0 
0 
0 

Upper 95% 
Confidence 
Bound on 
Failure 

m 
14.0 
4.0 
11.5 
8.0 

15.0 
23.0 
16.0 
5.5 

30.0 
17.0 
12.0 
19.0 

2.0 
2.0 
2.0 
5.5 
2.0 
2.0 

2.0 
11.0 

4.0 
4.0 
3.5 
4.0 
4.0 
7.5 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

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

to the axial stacking sequence in the hole. 

Final thermal and dosimetry analysis not completed. 
(c) 

Not applicable. 



TABLE 9-5 
PREIRRADIATED DIMENSIONS OF P13T 

FUEL RODS CARBONIZED IN GRAPHITE BODIES 

Mean 
Diametral 

Measurement, ]i 
(mm) 

15.80 

— 

— 

— 

Mean Axial 
Measurement, y. 

(mm) 

— 

30.52 

50.07 

61.13 

Standard 
Deviation 

(mm) 

0.02 

0.24 

0.26 

0.16 

Number of 
Measurements 

36 

18 

12 

6 

(a) 
Statistical Bounds 

on Measurements 

15.74 < y < 15.86 - o -

29.77 < y. < 30.78 

49.22 < y^ < 50.92 

60.48 < y. < 61.78 
~" A "" 

Statistical bounds defined such that no more than 1% of the measurements will be beyond 
limits at the 95% confidence level. 



TABLE 9-6 
IRRADIATION-INDUCED DIMENSIONAL CHANGE IN P13T FUEL RODS 

Capsule 
Ident.(a) 

1-1A1 
1-1A2 
1-1A3 
1-1A4 
1-1B1 
1-1B2 
1-1B3 
1-1B4 
1-1C1 
1-1C2 
1-1C3 
1-1C4 

2-2A1 
2-2A2 
2-2B1 
2-2B2 
2-2C1 
2-2C2 

2-3B1 
2-3B2 

2-4A1 
2-4A2 
2-4A3 
2-4A4 
2-4B1 
2-4B2 
2-4B3 
2-4B4 
2-4C1 
2-4C2 
2-4C3 
2-4C4 

Fuel Rod 
Designation 
7161-008-

01-9 
04-3 
07-9 
10-6 
02-10 
05-20 
08-11 
11-7 
03-12 
06-2 
09-12 
12-1 

13-2 
16-12 
14-5 
17-14 
15-3 
18-4 

20-11 
23-4 

25-5 
28-5 
31-7 
34-7 
26-12 
29-2 
32-15 
35-3 
27-4 
30-1 
33-9 
36-8 

Tor 

Irradlat 

Temp. 
(°C) 

1300 

T 

1100 

T 

1100 

f 
1100 

sule Design , , 
Ion Conditions 

Fast Fluence 
(x 1025 n/m2) 

<E ' 29 fJ)jĵ ĝ  

4.7 
5.8 
7.3 
8.4 
4.7 
5.8 
7.3 
8.4 
4.7 
5.8 
7.3 
8.4 

9.0 
8.8 
9.0 
8.8 
9.0 
8.8 

7.9 
7.0 

5.7 
4.8 
3.9 
3.1 
5.7 
4.8 
3.9 
3.1 
5.7 
4.8 
3.9 
3.1 

Irradiation-Induced Strain 

Diametral Strain, AD/D x 100 

Top 
of 
Rod 

-2.22 
-1.71 
-1.14 
-1.58 
-2.09 
-1.65 
-1.33 
-1.71 
-2.22 
-2.15 
-0.95 
-0.70 

-1.52 
-1.90 
-0.82 
-1.20 
-1.77 
-1.65 

-1.20 
-2.53 

-2.28 
-1.96 
-2.41 
-2.34 
-2.28 
-2.66 
-2.47 
-2.97 
-2.28 
-2.15 
-1.95 
-2.47 

Middle 
of 
Rod 

-2.03 
-1.90 
-1.52 
-1.46 
-2.22 
-1.71 
-1.45 
-1.33 
-2.22 
-2.09 
-1.14 
-0.95 

-1.46 
-1.55 
-0.89 
-1.27 
-1.55 
-1.71 

-1.46 
-2.22 

-2.22 
-1.84 
-2.28 
-2.72 
-2.15 
-2.53 
-2.47 
-3.29 
-2.34 
-2.22 
-1.90 
-2.28 

Bottom 
of 
Rod 

-1.90 
-1.52 
-1.52 
-1.14 
-2.53 
-1.77 
-1.55 
-1.14 
-2.41 
-1.90 
-1.46 
-1.20 

-1.33 
-1.52 
-1.14 
-1.14 
-1.39 
-1.58 

-1.27 
-1.90 

-2.09 
-2.03 
-2.28 
-2.53 
-2.09 
-2.34 
-2.28 
-3.29 
-2.15 
-2.03 
-2.09 
-2.09 

Mean 

P„(=) 

-2.02 
-1.71 
-1.71 
-1.71 
-2.28 
-1.71 
-1.46 
-1.39 
-2.28 
-2.03 
-1.20 
-0.95 

-1.46 
-1.71 
-0.95 
-1.20 
-1.58 
-1.65 

-1.33 
-2.22 

-2.22 
-1.96 
-2.34 
-2.53 
-2.15 
-2.53 
-2.41 
-3.16 
-2.28 
-2.15 
-1.96 
-2.28 

Upper 
Lower Bounds 
on MeanW) 

-1.65 < P„ < -2.40 
-1.33 < Pn < -2.08 
-1.02 < u" < -1.77 
-1.02 < p" < -1.77 
-1.91 < P" < -2.65 
-1.33 < p" < -2.08 
-1.08 < pî  < -1.83 
-1.02 < p" < -1.77 
-1.91 < p" < -2.55 
-1.55 < p" < -2.40 
-0.83 < p" < -1.58 
-0.57 < Pp ; -1.32 

-1.08 < P„ < -1.83 
-1.33 < p" < -2.08 
-0.57 < p" < -1.32 
-0.83 < p" < -1.58 
-1.21 < p" < -1.95 
-1.27 < Pp < -2.02 

-0.95 < P„ < -1.70 
-1.84 < Pp < -2.59 

-1.84 < P < -2.59 
-1.59 < p" < -2.33 
-1.97 < p" < -2.71 
-2.16 < p" < -2.90 
-1.78 < p" < -2.52 
-2.16 < p" < -2.90 
-2.03 < p" < -2.77 
-2.79 < p" < -3.53 
-1.91 < p" < -2.55 
-1.78 < p" < -2.52 
-1.59 < p" < -2.33 
-1.91 < Pp < -2.65 

Axial 

Mean 
p^(e) 

-3.41 
-3.41 
-2.03 
-1.35 
-0.56 
-4.46 
-1.95 
-0.57 
-1.97 
-1.87 
-0.95 
-1.44 

-0.52 
-0.68 
-0.88 
-0.68 
-0.78 
-0.26 

-0.52 
-1.38 

-0.45 
-0.79 
-2.20 
-1.97 
-1.21 
-3.87 
-0.39 
-4.19 
-0.45 
-0.72 
-1.80 
-2.13 

Strain, AL/L x 

Upper and 

100 

Lower Bounds 
on Mean*-"' 

-0.97 < P, < 
-0.97 < P. < 
-0.98 < Pi < 
-0.31 < Pt< 
-1.07 < pt< 
-5.06 < PJ < 
-2.98 < pJ < 
-1.62 < yJ < 
-2.79 < p* < 
-2.69 < PJ < 
-1.99 < PJ < 
-2.48 ; P^ ; 

-2.27 < P, < 
-2.33 < U^< 
-2.53 < P < 
-2.33 < P^< 
-2.43 < P. < 
-1.94 < P^ ; 

-2.27 < p < 
-3.02 < PV < 

- A -

-1.30 < P < 
-1.62 < PJ < 
-3.02 < PJ < 
-2.79 < PJ < 
-2.04 < PJ < 
-4.68 < Pi < 
-1.23 ' PJ < 
-5.00 < PJ < 
-1.30 < pj < 
-1.56 < pj < 
-2.53 < PJ < 
-2.95 < p r < 

- A -

-4.22 
-4.22 
-3.06 
-2.64 
1.95 

-2.05 
-0.90 
0.50 
0.49 
0.59 
0.11 
-0.39 

1.09 
1.03 
0.83 
1.03 
0.93 
1.46 

1.09 
0.32 

2.04 
1.70 
0.25 
0.49 
1.26 
-1.46 
2.10 
2.77 
2.04 
1.75 
0.55 
0.65 

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

Final thermal and dosimetry analysis not completed. 
(c) 

Mean of top, middle, and bottom diametral strains. 
Based on a 95% confidence statement that no more than 1% of the measurements will be outside stated bounds. 

(e) 
Based on two axial measurements taken at right angles. 



TABLE 9-7 
GRAPHITE DIMENSIONAL CHANGE DATA FOR P13T CRUCIBLES 

Crucible 
No. 

Graphite 
Type 

Avg. 
Orig. 

Dimension 
(cm) 

Avg. 
Lifetime 
Irrad. 
Temp. 
(°C) 

Design Fast 
Fluence (x 10̂ 5 n/m2) 

(E > 29 fJ)^^^^ 

Top Middle Bottom 

Top 

0° 90° 

iD/D (% Change 

Middle 

0° 90° 

) 

Bottom 

0° 90° 

Diametral Change (Perpendicular to Extrusion Axis) 
r — 

1 

2 

3 

4 

H-451 

TS-1240 

H-451 

TS-1240 

6,040 

6.114 

6.152 

6.101 

6.139 

1070 

890 

890 

820 

8.7 

8.4 

6.4 

3.5 

7.2 

8.8 

7.4 

4.3 

3.7 

8.9 

8.2 

6.0 

-0.78 

-0.48 

-0.87 

-0.08 

-0.74 

-0.40 

-0.84 

-0.05 

-0.88 

-0.44 

-1.12 

-0.20 

-0.98 

-0.41 

-1.10 

-0.24 

-0.70 

-0.61 

-1.29 

-0,19 

-0.71 

-0.38 

-1.25 

-0.32 

Length Change (Parallel to Extrusion Axis) 

1 

2 

3 

4 

H-451 

TS-1240 

H-451 

TS-1240 

20.069 

11.697 

11,697 

13.721 

1070 

890 

890 

820 

8.7 

8.4 

6.4 

3.5 

7.2 

8.8 

7.4 

4.3 

3.7 

8.9 

8.2 

6.0 

AL/L (% Change) 

0° 

-2.78 

-0.99 

-1.40 

-0.22 

90° 

-2.41 

-0.93 

-1.44 

-0.25 

180° 

-1.92 

-0.94 

-1.53 

-0.26 

270° 

-2.26 

-1.02 

-1.41 

-0.24 



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

graphite, as had been expected. 

Bowing measurements were also taken on all four P13T fuel crucibles| 

the bowing data are presented in Table 9-8. Note that H-451 graphite 

exhibits more bowing per unit fast fluence than TS-1240. The most bowing 

was indicated in crucible 1, This may explain why the dosimeters and 

thermocouples from this crucible were difficult to remove. 

Other Work Accomplished on the PIE of PI ST. In addition to the 

results discussed above, the tasks listed below have been accomplished 

during this quarter on the PIE of P13T. These data, while takenj have not 

yet been analyzed. 

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

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

3. Gamma scanning of the secondary containment was accomplished. 

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

the four fuel bodies. 

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

fuel rod holes contained in each crucible were measured. 

6. Individual R/B measurements were made on each fuel rod (30) 

removed from P13T. These measurements were made at the GA TRIGA 

irradiation facility. 

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

ment and transferred to Analytical Chemistry for analysis. 

8. Coefficient of thermal expansion measurements have been started 

on P13T fuel rods. 
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TABLE 9-8 
BOWING MEASUREMENTS TAKEN ON P13T GRAPHITE CRUCIBLES 

DURING THE POSTIRRADIATION EXAMINATION 

VO 
1 

Crucible 
No. 

1 

L 

3 

4 

Cell 
No. 

1 

2 

2 

2 

Graphite 
Type 

H-451 

TS-1240 

H-451 

TS-1240 

Avg. 
Orig. 
Length 
(cm) 

20,069 

11.697 

11.697 

13.721 

Body 
Midlength 
Design 

Fast Fluence 
(x 1025 n/m2) 
(̂  > 29 fJ)„^,^ 

7.2 

8.8 

7.4 

4.3 

Avg. 
Lifetime 
Irrad. 
Temp.^a) 

(°c) 

1070 

890 

890 

820 

Peripheral 
Angle 

(degrees) 

0 
90 
180 
270 

0 
90 
180 
270 

0 
90 
180 
270 

0 
90 
180 
270 

Maximum 
Observed 
Bow(b) 
(mm) 

0.65 
0.39 
0.70 
0.40 

0.06 
0.10 
0.08 
0.03 

0.24 
0.21 
0.22 
0.22 

0.02 
0.09 
0.14 
0.11 

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

following completion of the P13T dosimetry and thermal analyses. 
Defined as the absolute magnitude of the maximum difference between the high and low points 

along the length of the crucible. 



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

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

has begun. 

TASK 300: INTEGRAL FUEL SYSTEM TESTING 

Subtask 320? FSV Fuel Test Elements 

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

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

Subtask 430; Isothermal Postirradiatlon Heating 

Summary and Conclusions 

Fuel coating behavior and fission product release have been studied 

during postirradiatlon Isothermal heating of TRISO UC„ and TRISO UC. 0 

fuel particles. The conclusions drawn are summarized as follows; 

1. Pressure vessel failure of TRISO UC„ fuels having a representa­

tive range of fission densities is low (3 failures in 180 par­

ticles) at temperatures in the range 1600° to 2000°C. The 

dominant failure mechanism during isothermal heating In this 

temperature range is SiC - lanthanide fission product reactions. 

2. TRISO coating behavior and fission product release fractions are 

functions of time, temperature, and fission density. Release 

occurs more rapidly as temperature and fission density are 

increased. For any constant set of conditions, lanthanide fis­

sion product release occurs first followed by Ca and then Kr-85 

release, suggesting that individual models could be developed to 

describe the release of each fission product. All fission pro­

ducts were eventually released by migration through the SiC layer 

and an intact OPyC layer. 
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3. Comparison of experimental release data with LHTGR fuel perform­

ance predictions showed the fuel performance models to be con­

servative when applied under conditions like those predicted for 

a hypothetical loss of forced cooling (LOFC) core heatup event. 

4, Comparison of low-burnup (22.9% FIMA) TRISO UC, ̂ î 3 ̂ "-d TRISO 

UC„ behavior showed that the performance of the uranium oxycar­

bide and UC„ fuel particles will be similar when heated in the 

absence of a thermal gradient to temperatures greater than 

1600°C. Arguments were also presented which suggest that higher 

burnup uranium oxycarbide fuels will perform better than UC., at 

temperatures above 1600°C. 

Introduction 

A lengthy series of experiments has been initiated to provide data 

describing LHTGR fuel particle performance under conditions predicted for 

the hypothetical LOFC core heatup events that must be treated during 

reactor safety studies. The test series will eventually include samples of 

TRISO UC2 and TRISO WAR-derived uranium oxycarbide (UC 0 ) fissile fuel and 

TRISO and BISO coated ThO^ fertile fuel. 

Core performance analyses show that fuel temperatures during a core 

heatup event would Increase from near normal operating temperatures to tem­

peratures in excess of 2000°C in a matter of hours and that thermal gra­

dients would be near-zero (isothermal), Studies of fuel performance during 

such an event will begin with postirradiatlon isothermal heating of 

unbonded particles at constant temperatures to define the effects of time 

at temperature on particle coating behavior and fission product release. 

These tests will be followed by tests to show the impact of the temperature 

ramps predicted for various core heatup events on the behavior of unbonded 

particles and, eventually, on irradiated fuel rods containing mixtures of 

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

TRISO UC„ and TRISO UC, „0 fuel particles. The tests were done by 

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

2000°C. Fuel coating and fission product release data are discussed in 

terms of kernel type and the concentration of fission products within the 

SiC layers of the fuels tested. 

Description of the Experiment 

The purpose of thse tests was to provide an initial description of 

particle coating failure and fission product release from TRISO fissile 

fuels during postirradiatlon isothermal heating at 1600°, 1800°, or 2000°C. 

Release of Eu-154, Ce-144, Cs-137, and Kr-85 was monitored as a function of 

time at temperature. The tests were performed at constant temperature to 

provide data on the kinetics of coating failure and fission product release 

that can be used to predict performance under the varying temperature con­

ditions projected for a hypothetical core heatup. 

The properties of the test samples used are summarized in Table 9-9. 

The three UC^ samples were from the same initial coating batch. The three 

samples were isolated from the original coating batch and irradiated in 

various tests to evaluate the impact of fission density on irradiation-

induced pressure vessel failure. These UC2 samples provided an ideal 

source of material for higher temperature, postirradiatlon isothermal 

heating studies designed to show the impact of fission density on coating 

failure and fission product release during a core heatup event. Fission 

density is a key parameter since it is proportional to the concentration of 

fission products within a given particle, and the primary mechanism for 

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

The properties of the UC„ particles are similar to the properties 

specified for LHTGR fissile fuel (Ref. 9-3). Selected properties of the 

reference UC„ particle are given In Table 9-9 for comparison with the test 

samples. To demonstrate the wide range of fission densities studied in 
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TABLE 9-9 
DESCRIPTION OF FUEL PARTICLES USED IN POSTIRRADIATION ISOTHERMAL HEATING TESTS 

VO 
I 

Data Retrieval 
Number 

4161-01-030 

4161-01-034-2 

4161-01-032-02 

Reference HTGR 

OR 1694 

Type 

UC^ 

UC2 

UC2 

UC2 

^^4.0°1.3 

Diameter 

(m) 

203 

176 

133 

200 

314 

Burnup 
(% FIMA) 

22,9 

60.2 

60.6 

78.0^^^ 

22.9 

Irradiation 
Test 

FTE-14 

P13P 

P13P 

— 

FTE-14 

Fission 
Density s 
(f )^^^ 
^ SiC^ 

91 
0.6 x 10 

21 
1.2 X 10 

21 
1.9 X 10 

21 
1.6 X 10 

21 
0.5 X 10 

Burnup in 
LHTGR Fuel 
Needed to , . 

Achieve f„ „ ^ ^ 
(% FIMSr 

32 

63 

100 

78 

27 

(a) 

(b) 

(c) 

f . = fission per cubic centimeter Inside the SiC layer. 

Assume a 200-]im-dlameter kernel, 100-ym-thick buffer, and 30-ijm-thick IPyC layer. 

Peak LHTGR fissile kernel burnup. 



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

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

One TRISO coated WAR uranium oxycarbide sample (UC, „0 „) was 

included in this test series. TRISO coated UC 0 fuel is being evaluated 
X y 

as potential reference LHTGR fresh fuel for a number of reasons, including 

an increased resistance to SiC - fission product attack during normal 

reactor operation (Refs. 9-4 through 9-6), The WAR sample was included in 

these tests to provide the initial comparison between TRISO UC. and TRISO 
UC 0 behavior in the isothermal environment postulated for a core heatup 
X y 

event. The properties of this WAR sample are similar to those being 

considered for reference LHTGR fresh fissile fuel. 

All particles were carefully characterized prior to postirradiatlon 

heating to ensure that they had not failed during irradiation. Visual 

examinations and contact x-radiography were utilized as macroscopic evi­

dence of survival. Ganmia-ray spectrometry was also used to ensure that 

fission product inventories were consistent with inventories expected for 

Intact fuel. 

After particle characterization, 20 particles of each sample were 

loaded into small graphite crucibles for heating at 1600°, 1800°, or 

2000°C, The loaded crucibles were then gamma counted to define the fission 

product content of each test sample prior to heating. These gamma-counting 

data yielded Cs-137, Ce-144, Ru-106, and Zr-95 inventories. Initial inven­

tories of Kr~85 and Eu-154 were estimated from the Ru-106 Inventories for 

each individual sample. 

The postirradiatlon heating tests were conducted in resistance-heated 

graphite tube (King) furnaces. Provisions were made for insertion of four 

Ta containment tubes into each end of the King furnaces. Three of the 

tubes at each end were available for test samples? the fourth was used to 

optically monitor test temperatures. The heating configuration is shown 

schematically in Fig, 9-11. In this series no more than four samples were 

tested at any one time. The test samples and the temperature control 
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sample were placed in each Ta tube so that operating temperatures of the 

test samples were within ±10°C of the temperature control sample. Remov­

able, water-cooled, Cu-coated, stainless steel cold fingers were then 

inserted into each sample tube. The cold fingers were positioned so that 

sample operating temperatures were not depressed relative to the tempera­

ture control sample. 

Metallic fission products released during heating of the test samples 

(Cs-137 and Eu-154) were collected on the copper-plated portion of the cold 

fingers. The cold fingers were removed periodically. The Cu coating and 

any trapped metallic fission products were stripped from the cold fingers 

and analyzed quantitatively by gamma-ray spectroscopy. Release of gaseous 

Kr-85 was monitored by periodically purging the atmosphere within the Ta 

tubes through a liquid nitrogen cold trap and then gamma counting the trap 

to analyse for Kr-85, 

Release of Eu-154, Cs-137, and Kr-85 was monitored without inter­

rupting the tests. Cerium release could only be measured when the tests 

were interrupted, since Ce released from the particles was trapped in the 

graphite sample holders. Cerium release was therefore measured by gamma 

counting the coated particle samples and graphite holders separately during 

test interruptions. 

After completing the tests, individual particles from all samples were 

gamma counted to define Cs-137 and Ce-144 inventories. Selected samples 

were then prepared for hot cell metallographlc and electron microprobe 

examination at Oak Ridge National Laboratory (ORNL) to define fission 

product distributions that resulted from isothermal heating. 

Results 

Fission Product Release. Fission product release measurements showed, 

with one exception, a period of very low release (<1%) followed by slow 

release of the fission products being evaluated. The one exception 

occurred during 1800°C heating of the UC„ sample having a fission density 
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21 
of 1.9 X 10 f„.p. In this case visual examination and fission product 

release measurements confirmed that 3 of 20 particles burst shortly after 

reaching 1800°C. This was the only example of pressure vessel failure 

encountered in these tests. Considering that 60 UC„ particles having this 

very high fission density and a total of 180 VC^ particles having a repre­

sentative range of fission densities were heated at 1600° to 2000°C, the 

probability of TRISO fissile fuel pressure vessel failure during a LOFC 

core heatup is low (<2%), 

With the exception of these three particles, fission product release 

occurred by diffusion through intact outer PyC layers only after SiC fis­

sion product reactions rendered the SiC layer ineffective as an absolute 

barrier to fission product release. A precise, quantitative description of 

the release of Individual fission products during Isothermal heating must 

therefore include the effects of time, temperature, and fission density on 

SiC - fission product interactions followed by diffusive release of the 

fission products through any remaining coating layers. It will be shown 

later, however, that the LHTGR performance models now used to predict TRISO 

UC„ behavior are conservative relative to the observed fission product 

release data. 

A typical plot of fission product release versus time is shown in Fig. 

9-12. The data are for an 1800°C anneal of a TRISO UC„ sample having a 
21 

fission density of 1.2 x 10 f„.p. In all cases, Eu-154 and Ce-144 

releases were more rapid than Cs-137 release, which was more rapid than Kr-

85 release. The Eu and Ce release fractions were similar in each instance 

where a direct comparison could be made, suggesting that lanthanide fission 

product - SiC reactions are responsible for the reduced resistance of the 

SiC layer to fission product release. This is consistent with results from 

studies of SiC - fission product reactions that occur in the presence of a 

thermal gradient (Refs. 9-4̂  9-5). The long times before Kr-85 release was 

detected imply that release of short-lived gaseous species would be very 

low at temperatures as high as 2000°G. 
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All particles heated were gamma counted before and after heating to 

define the Impact of isothermal heating on the fission product contents of 

individual fuel particles. The effect of heating for 905 hours at 1800°C 

on Cs/Ru and Ce/Ru activity ratios of the 20 particles having a fission 
21 

density of 1.2 x 10 f is shown in Fig. 9-13. Ruthenium was used as a 

Standard since it is not released from TRISO UC^ fuel with failed coatings. 

Thirty percent of the particles lost nearly all their Ce, while 70% of the 

particles lost a portion of their Ce. Thirty percent of the particles also 

lost nearly all their Cs, while 70% lost no Cs. There was a 1 to 1 corres­

pondence between particles releasing all their Ce and all their Cs. This 

coupled with the lack of Cs release from particles having partial Ce loss 

suggests that Cs release does not occur in TRISO UC„ fuel until 100% of the 

lanthanide fission products has been released. The data in Fig. 9-13 also 

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

vidual particles rather than uniform release from all particles. 

The Impact of fission density on fuel performance during Isothermal 

heating is illustrated in Fig. 9-14, which shows Cs-137 release as a func­

tion of time at 1800°C for the three samples of TRISO UC2 tested. The con­

clusion that the time to some value for fractional release (i.e., 20%) 

increases with decreasing fission density is applicable to all fission 

products evaluated at each test temperature. Note in this case that fuel 

having a fission density about equal to that expected for 1-year fuel did 

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

The only results which were In partial disagreement with those 

described above occurred during testing at 1600°C. This test was inter­

rupted after 1030 hours at temperature by a loss of power. As a result the 

samples cooled rapidly from 1600°C to room temperature. After about 1000 

hours at temperature, the UC„ sample having a fission density of 1,9 x 
21 

10 fc-r ̂ ^^ released 38% of its Eu-154 inventory and 6% of its Cs inven-

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

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

An example is shown in Fig. 9-15 for the TRISO UC^ sample having a fission 
21 

density of 1.2 x 10 f„.p. The increment of fission product release noted 

after resuming the test increased with the fission density of the indi­

vidual samples. The rate of release was also higher than observed for 

tests conducted at higher temperatures. These observations suggest that 

the failure and release modes were different for these samples than for 

those tested at higher temperatures. One hypothesis is that the SiC 

coatings which had been weakened by SiC - fission product attack cracked 

due to the thermal shock experienced during rapid cool-down. This is sup­

ported by metallographlc evidence showing considerable fission product SiC 

attack in the high fission density samples and little attack in the low 

fission density samples. Because of this apparent change in behavior after 

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

greater than 1030 hours. 

Metallographlc and Electron Microprobe Evaluation. A number of 

samples were selected for metallographlc and electron microprobe examina­

tion at ORNL after heating. The metallographlc examinations showed 

qualitatively that the degree of detectable fission product - SiC attack 

increased with the observed fission product release. An extreme example is 

shoxfli in Fig. 9-16, which shows photomicrographs of a particle having a 
21 

fission density of 1.2 x 10 f after heating for 165 hours at 2000°C. 

This particle released its complete inventory of Eu-154 and Ce-144, but 

little or no Cs-137 and Kr-85. The photomicrographs illustrate three gen­

eral observations. The first is that SiC attack is uniform around the 

inner surface of the SiC layer. This was expected since, in the absence of 

a thermal gradient, there is no driving force for concentration of the 

reacting fission products to any local region of the SiC-IPyC interface. 

Secondly, although the fission products clearly penetrated the SIC layer, 

the areas of obvious penetration seem to be filled with a new phase. 

Electron microprobe examinations showed that no metallic species were cor­

related with this new phase, which suggests that it is primarily C. The 

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

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

Cs release. 

The electron microprobe results were consistent with expectations 

based on the behavior of TRISO UC„ fuels in a thermal gradient. The 

observations for several key species are summarized as follows: 

1. Those lanthanide fission products released from the kernels were 

uniformly distributee! throughout the buffer or IPyC layers. In 

cases where lanthanide release occurred during heating, lantha-

nides were detected only in the kernels, implying that once SiC 

failure occurs, lanthanide release is controlled by release from 

the UC„ kernel. 

2. Cesium and Ba were not detected in the UC. kernels. The majority 

of the Cs and Ba was uniformly distributed throughout the buffer 

layer with smaller quantities detected in the IPyC layer. Lan­

thanide release had no impact on the Cs or Ba distributions 

before detectable Cs release occurred. 

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

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

correlation between CI and other species was noted. 

Electron microprobe results for the TRISO UC, _0., „ were also consist­

ent with expected results. All of the Cs and Ba was released from the ker­

nels and found in the buffer layer. Although the Cs and Ba concentrations 

were uniform in the circumferential direction, the concentrations decreased 

with distance away from the kernel. No lanthanide fission products were 

detected in the buffer or IPyC layers of Intact samples (heated at 1600°C) 

or samples from which metallic fission products were lost during heating at 

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

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

samples. 

Discussion of Results, The discussion of results is directed toward 

four principal areas. The first is a comparison between the results of 

these tests and predictions made using performance models for LHTGR TRISO 

UC„ fuel and shows that the LHTGR models conservatively predict performance 

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

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

to relate fuel performance under normal operating conditions to performance 

during a hypothetical core heatup event. The third area of discussion pro­

vides an evaluation of the kinetics of Cs release, suggesting that even 

after lanthanide fission products penetrate the SiC, the SiC layer is a 

more effective barrier to Cs release than the PyC layers of a TRISO 

coating. The final treatment includes a comparison of TRISO UC„ and TRISO 

UC, 0.. „ data, showing that for low burnup fuel the UG^ and uranium oxy­

carbide show similar performance when heated isothermally to temperatures 

above 1600°C. This observation is in conflict with considerable in-pile 

(Ref. 9-6) and out-of-pile (Ref. 9-5) experience that shows uranium 

oxycarbide performance to be better than UC„ performance under thermal 

gradients at temperatures less than 1700°C. 

Comparison of Isothermal Heating Data and LHTGR Fuel Performance 

Models. Detailed models used to predict the performance of LHTGR TRISO 

UC and BISO ThO^ fuels are provided in Ref. 9-7, Control of fuel perform­

ance in the temperature ranges studied here is assumed in Ref. 9-7 to 

change from pressure vessel failure to failure by SiC - fission product 

reactions as temperatures Increase through a critical value defined as 

T . . Values for T . (°C) are 
crit crit 

T . = -3.45(BU) + 1869 
crxt 

for kernel burnups (BU) exceeding 20% FIMA or 

T . = 1800°C 
crxt 
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for burnups less than 20% FIMA. Failure is assumed to occur instantane­

ously and to increase linearly with temperature from the pressure vessel 

value at T . to 100% at 2000°C. A new Increment of failure is assumed in 
crxt 

the unfailed fuel each time T . is exceeded and after each 100 hours that 
crxt the fuel operates continuously above T . . 

^ •' crxt 

The UC^ samples tested in this series had been irradiated to burnups 

of about 23 or 60% FIMA (Table 9-9). The two samples irradiated to 60% 
21 21 

FIMA, however, had different fission densities (1.2 x 10 and 1.9 x 10 

f ) and the test results (Fig. 9-14) showed conclusively that fuel per­

formance was a function of fission density rather than kernel burnup. The 

burnups used for LHTGR fuel performance predictions were therefore adjusted 

so that the fission densities for the predictions equaled the fission 

densities of the test samples. The equivalent LHTGR burnups are given in 

Table 9-9. 

Comparisons of observed Eu-154, Cs-137, and Kr-85 release fractions 

and predicted failure fractions are given in Figs. 9-17, 9-18, and 9-19 for 
21 21 

UC„ samples having fission densities of 1,9 x 10 f , 1.2 x 10 fo-p» 
and 0.6 x 10 fc-r» irespectively. The only data not shown are for the 

21 
1600°C test of the 0.6 x 10 f sample. The predicted failure fraction 

^^^ -4 
for this sample was approximately 1 x 10 , Observed release fractions 

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

-3 
hours at temperature. The observed Cs~137 release fraction of 6 x 10 

occurred nearly Instantaneously and was attributed to a combination of Cs 

contamination from companion irradiation samples and uncertainties in the 

low Cs release fractions. 

As a group, the experimental data show the basis for earlier state­

ments that lanthanide release precedes Cs release which precedes Kr-85 

release and that release at any temperature increases more rapidly with 

time as fission density increases. In one case (Fig. 9-18c), a very low 

value for Cs release is shown before Eu release was detected. This is 

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

above. 

The data also show that separate performance models must be provided 

for different groups of fission products to accurately predict coating 

performance and fission product release. The most important conclusion to 

be drawn from the comparisons, however, is that the LHTGR fuel performance 

models (Ref. 9-7) conservatively treat the behavior of TRISO UC„ fuels 

during an isothermal core heatup. This justifies use of the models to 

predict TRISO UC„ performance during analyses designed to study the impact 

of hypothetical accident conditions on fuel and fission product behavior. 

Comparison of Isothermal and Thermal Gradient Data. A series of 

postirradiatlon thermal gradient heating tests, designed to study SiC -

fission product reactions in TRISO UC„ fuel under conditions expected 

during normal reactor operation, was recently completed. Preliminary data 

are summarized in Ref. 9-4. Final data will be summarized in Ref. 9-5. 

These tests showed that lanthanide fission products concentrate on the cool 

side and react with the SiC layer of TRISO UC^ fuel in a temperature gra­

dient and that reaction rates are independent of fission density. The 

tests also provided a kinetics expression for estimating the reduction in 

SiC thickness caused by SiC fission product reactions as a function of time 

and temperature. The data also suggested that in a thermal gradient, lan­

thanide release may begin after penetration of about 50% of the available 

SiC thickness. 

A comparison of the time to 50% Eu-154 release determined from the 

isothermal heating tests and the predicted time to 50% lanthanide fission 

product release in a thê rmal gradient is shown as a function of temperature 

in Fig, 9-20. The predictions assumed that the time to 50% lanthanide 

release during thermal gradient heating corresponds to the time to a 50% 

reduction in SiC thickness due to SiC - fission product reactions. The 

average SiC thickness for the samples heated in the isothermal tests was 26 

Um. The data show that TRISO UC„ performance in an isothermal environment 

will be the same as, or better than, performance in a thermal gradient. 
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The fact that the isothermal data from samples having the highest fission 
21 

density (1.9 x 10 fq-r-̂  ̂ ^® consistent with predictions made using the 

thermal gradient data suggests the rate of reaction for this high fission 

density sample is not controlled by the concentration reactants. This also 

implies that the lifetime of the lower fission density samples is a func­

tion of the concentration of available reactants. 

Analysis of Cs Release Data. Fission product release results 

presented in Fig. 9-13 showed that Cs release from individual TRISO UC2 

particles does not begin during isothermal heating until nearly 100% lan­

thanide fission product release has occurred. This suggests that Cs 

release begins only after the SiC layer has been rendered ineffective as a 

barrier to metallic fission product release. The rate of Cs release could 

therefore be controlled by Cs diffusion through the PyC layers of the TRISO 

coatings. 

This hypothesis was tested by comparing experimental values for Cs 

release with Cs release values predicted using the COPAR code (Ref. 9-8). 

COPAR is used to predict diffusive release from multilayered coated parti­

cles as a function of diffusion within and release from the kernel and the 

equilibrium concentrations and diffusivities of the species of interest in 

the various coating layers. COPAR calculations were done at 1600°, 1800°, 

and 2000°C, The three key sets of input data included the initial Cs dis­

tribution, partition factors, and Cs diffusivity. Based on the electron 

microprobe data, all of the Cs was assumed to be in the buffer layer at the 

start of the tests. Partition factors ((j)) are the ratios of the equilib­

rium Cs concentration in the i and i+1 layers (<{).;.,.•). One set of calcu­

lations (Type I) was done assuming that equilibrium concentrations in the 

buffer, IPyC, SiC, and OPyC layers were equal (<|)=1), while Cs dif fusivities 

in the SiC (DCs ) were varied from values equal to the Cs diffusivity in 
bXC .3 

PyC (DCs., „) to 10~ times DCs.,. ̂« A second set of calculations (Type II) PyC PyC 

was done assuming equal values for Cs diffusivity in the PyC and SiC 

layers. These calculations were prompted by the metallographlc and micro­

probe results which suggested that porosity introduced in the SiC layer by 

escaping lanthanide fission products was filled with carbon. To account 
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for the small volume fraction of these carbon-filled pores, partition fac-
3 

tors at the IPyC-SlC interface were varied from 1 to 10 . Nominal values 

for DCs (Ref. 9-9) were used at each temperature. Examples of the input 

data used for 1800°C calculations are included in Table 9-10. A comparison 

of Type I and II calculations showed that results assuming DCs = 

Y DCs at (|) values of 1 were the same as results assuming DCs = DCs 

for IPyC-SiC partition factors of l/y. The results are therefore discussed 

in terms of calculations assuming DCs = DCs and variable values for 

PyC-SlC partition factors. 

Since it was shown that experimental Cs release values represented 

release from individual particles, the experimental Cs release data were 

normalized to the fraction of particles releasing Cs for comparison with 

the COPAR calculations. A comparison of COPAR and experimental Cs loss 

results is shown in Fig. 9-21 for the 1.2 x 10 f sample during 1800°C 
oXv« 

isothermal heating. When Cs release is controlled only by diffusion, the 

time to detectable Cs release (delay time) is a function of the Cs diffu­

sivity through the coating layers. Delay times predicted for the Cs dif-

fusivlties used in this study were on the order of hours or less. In the 

example shown in Fig, 9-21, the time to detectable Cs release was approxi­

mately 400 hours, which is the time required for SiC - lanthanide fission 

product reactions to render the SIC layer ineffective as an absolute 

barrier to metallic fission product release. This comparison between COPAR 

calculations and experimental data suggests that after the SiC layer is 

penetrated by lanthanide fission products during Isothermal heating, it 

remains two to three orders of magnitude more effective as a barrier to Cs 

release than the PyC layers. This same conclusion was drawn for all 

samples heated at 1800° and 2000°C. Careful examination of the forms of 

the COPAR and experimental release curves shows, however, that the COPAR 

calculations as done do not yet accurately predict the release of Cs as a 

function of time. A possible source of the discrepancy is the assumption 

of no holdup in the buffer layer. The effect of input assumptions relative 

to the buffer layer will be examined by additional COPAR calculations. 
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TABLE 9-10 , . , . 
KEY INPUT PARAMETERS FOR TYPE I*"̂ -̂  AND TYPE 11^ '' 

COPAR CALCULATIONS AT 1800°C 

Calculation 
Type 

I 

II 

Particle 
Region 

Kernel 
Buffer 
IPyC 
SiC 
OPyC 

Kernel 
Buffer 
IPyC 
SiC 
OPyC 

Dimensions 
(ym) 

176j^> 
87 ^ 
28 ^ 

34 ̂ >̂ 

176j^> 
87 ^ 
28 ^ 
2 5 " 
34^^^ 

Initial Cs 
Concentration 

0 
1 
0 
0 
0 

0 
1 
0 
0 
0 

Positican. 
Factor ̂'̂'' 

10-^ 
1.0 
1.0 
1.0 

10-^ 

Cs 
Diffusivity 

(cm2/s) 

4.9 X 10~^ 
4.9 X 10 Q 
4.9 X 10 ^ 
a(4.9 X 10-9)(f) 
4.9 X 10-9 

4.9 X 10"^ 
4.9 X 10~Q 
4.9 X 10 q 
4:9 X 10 q 
4.9 X 10 '̂  

(a) 
Type I calculations evaluated the impact of assumed values for Cs 

diffusivity in SiC in calculated Cs release. 

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

(c) 
Partition factor = ratio of Cs concentrations in the 1 and i-i-1 

coating layers. 
(d), 
(e) 

Diameter. 

Thickness. 
(f) -3 

Values for a ranged from 1 to 10 
Values for (|) ranged from 1 to 10 . 
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Comparison of COPAR and experimental release results at 1600°C showed 

the kinetics of Cs release to be similar to calculated values if the PyC 

layers were assumed to control release. This confirmed earlier suspicions 

that the mode of failure and fission product release in these samples dif­

fered from the higher temperature failure modes. 

Comparison of Low Fission Density TRISO UC and TRISO UC, „0 

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

TRISO UC„ and TRISO WAR-derived UC, „0, . is also possible from the data 
2 4.3 1,3 

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

shown in Figs. 9-22 and 9-23, respectively, for isothermal tests run on 

both particle types at 1800° and 2000°C. There is no significant differ­

ence in the data for the two particle types. A similar statement can be 

made about the 1600°C results, although the fission product release data 

were too low to be significant (<3% for any individual species). This lead 

to a preliminary conclusion that the TRISO uranium oxycarbide and TRISO 

UC„ will show similar behavior when subjected to heating conditions like 

those predicted for a hypothetical core heatup event. This conclusion 

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

TRISO UC 0 samples. X y 

The relative behaviors of higher fission density TRISO UC„ and UC 0 
2 X y 

fuels can be surmised from a combination of thermal gradient test results 

and the results presented here. The isothermal heating results showed that 

fission product release occurred earlier from high fission density TRISO 

UC^ fuel than from low fission density fuel. This was related to the fact 

that more fission products are available for SiC fission product reactions 

in the high fission density UC„ fuel. Thermal gradient tests have already 

shown that fewer lanthanide fission products are released from high fission 

density TRISO UC, .0. fuel than from high fission density TRISO UC„ fuel 

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

performance of TRISO UC 0 fuel heated under isothermal conditions will 
X y 

improve relative to TRISO UC™ fuel. This reasoning leads to the conclusion 

that the current LHTGR fuel performance models (Ref. 9-7) will be even more 

conservative if applied to TRISO UC 0 behavior than they were shown to be 
X y 

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

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

funded in FY-77. 

Summary 

Thermal expansivity was measured on HTGR fuel rods tested in the 

P13Q irradiation experiment. Six fuel rods irradiated in capsule P13Q 
25 2 

to fast neutron fluences ranging from 4.2 to 9.4 x 10 n/m 

(E > 29 fJ) at temperatures of 1130 to 1435 K were tested in 
'HTGR a 

thermal expansion measurement unit designed for hot cell use. Unirra­

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

in an identical device. 

The mean coefficient of thermal expansion between room temperature 

and 1073 K [oc .--__^^.^„. ] ranged from 4.5 to 5.05 x 10 K with a mean 

of 4.86 X 10~" K"^ for the unirradiated specimens. For irradiated 

specimens, "̂ conn-i 07"̂ ^ varied from 3.17 to 3.58 x 10 K with a mean 

of 3.44 X 10-^ K"^. 

Within the sample tested, Oi/oAn 1n7•?̂  ̂ ^^ independent of the 

relative fractions of fuel or inert particle types, fuel rod fabrication 

technique, and rod curing environment. The thermal expansivity 

'̂̂ r•̂ nn-̂ n7'̂ -̂̂  decreased by approximately 30% with neutron irradiation 

independent of total neutron fluence or irradiation temperature. 

Description of Tests 

HTGR development fuel rods from the P13Q experiment were selected 

for testing because of the variety of fuel and inert particle types 

and fabrication techniques used in the fuel rods (Ref. 9-10). The 

P13Q experiment exposed the fuel rods to moderate to high neutron 
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fluences over a range of irradiation temperatures (Ref. 9-11). The 

fuel rods measured in this effort are described in Table 9-11. The 

rods tested were approximately 5.38 cm (2.12 in.) long and 1.58 cm 

(0.62 in.) in diameter. 

Two identical devices were built to measure the thermal expansion 

of fuel rods. The design of the units incorporated a quartz dilato-

meter made specifically for 1.58-cm-diameter (0.62 in.) rods. 

Figure 9-24 is a schematic of the units. Basically, the design con­

sisted of a quartz push-rod dilatometer [(1) and (2)] mounted on a 

brass water-cooled base (9) which butted against one end of a quartz 

enclosure (3) Inserted into a clamshell furnace (4). The quartz push 

rod (1) pushed an Inconel rod (5) at the cold junction which was 

attached to the core of an LVDT (6), which translated movement of the 

core into voltage output. The specimen temperature was continuously 

measured by a Pt-Rh thermocouple (7), which touched the bottom of the 

specimen. The thermocouple was compensated at the cold junction brass 

support (8). Instrument and power connections were made by quick 

connects to a remote control station. The specimen was protected 

during tests by inert gas purged into the quartz enclosure. 

As reported earlier (Ref. 9-12), heating rate control is critical 

to this design; therefore, a programmer and SCR control (10) were used 

to generate slow, steady, and repeatable heating curves. The heating 

program was determined by minimizing the difference between the 

furnace temperature [thermocouple (11)] and the specimen temperature 

[thermocouple (7)]. The heating program used resulted in a AT between 

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

Both units were calibrated using the same heating program with 

tungsten and graphite standards. During the early stages of cali­

bration, the decision was made to place quartz discs at each end of 

the fuel rods to provide a flat, hard surface for dilatometer contact. 
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TABLE 9-11 
THERMAL EXPANSIVITY SPECIMENS - P13Q FUEL RODS 

VD 
! 
U) 
Ul 

Rod 
Location 

Gl-IB 

G1-2A 

G2-1A 

G3-1B 

G3-2B 

G3-3A 

Average 
Irrad, 
Temp. 
(K) 

1435 

1380 

1180 

1155 

1155 

1130 

Total 
Neutron Fluence 

(1025 n/m2) 
(E > 29 fJ)^^^^ 

9,4 

9.0 

7.2 • 

5.6 

5.6 

4.2 

Volume Fraction 

Fertile 

2 

2 

2 

3 

3 
_(d) 

Fissile 

6 

7 

10 

15 

15 

-

Particle Loadings (%) 

Inert BISO 

19 

17 

13 

8 

8 

-

Inert TRISO 

12 

9 

8 

8 

8 

-

(a) 
Fabrication 

I 

C 

C 

C 

C 

I 

Curing^^^ 

C 

P 

C 

c 
c^'^) 

c 

(a) 

(b) 

(c) 

(d) 

Fabrication symbols: I = injection molded, C = admix compaction 

Curing sjrmbols: C = cured-in-place, P = packed bed. 

Fired at 1773 K, 

Thermocouple rod; relative volume fraction unknown. 



Subsequently, all calibrations included quartz discs at both ends of 

the axial specimens. No quartz discs were used for radial measure­

ments. The tungsten standard used was a cylinder 5.16 cm (2.03 in.) 

long by 1.27 cm (0.50 in,) in diameter, arc cast and polished, and 

99,97% pure. The two graphite standards were machined from 2020 

graphite, one cylinder 5,11 cm (2,01 in,) long by 1,59 cm (0.62 in.) 

in diameter cut along the grain and an identical cylinder cut per­

pendicular to the grain. 

The thermal expansion of the tungsten specimen was taken from 

established literature values (Ref. 9-13) and confirmed by comparison 

to an NBS traceable platinum standard. The graphite standards were 

calibrated to the tungsten standard. Both units were calibrated using 

tungsten and graphite standards in the axial [5.15 cm (2.03 in.) gage 

length] configuration. Calibration of the radial [l.58 cm (0.62 in.) 

gage length] configuration was done using the graphite standards. 

In each calibration run the standards and quartz discs (for axial 

configuration only) were deliberately Inserted in the dilatometer as 

randomly as possible so that calibration variance included the variance 

of insertion and alignment of specimens. 

The standard deviation measured for the calibration tests was 

2% of the mean LVDT output between 300 and 1075 K. Therefore, the 

reported results are considered to be accurate within ±5%, 

Results 

Twelve fuel rods were tested: six irradiated rods and six un-

irradiadiated companion rods. Of the six rod types tested, five 

exhibited essentially identical thermal expansivity. The rod type 

in position G2-1A differed from the other types in both irradiated 

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

Rod Type 

Gl-IB 

G1-2A 

G2-1A 

G3-1B 

G3-2B 

G3-3A 

Mean 

Std. dev. 

-
(298-1073) 

(10-^ K 

Unirrad. 

5,05 

4,87 

4.50 

5.06 

4.75 

4.95 

4.86 

0.21 

-1) 

Irrad. 

3.42 

3.44 

3.17 

3.54 

3,58 

3,51 

3,44 

0.15 

Aa 
(%) 

-32 

-29 

-30 

-30 

-25 

-29 

-29 

2.3 

-
°'(298-773) 

(10"^ K 

Unirrad. 

4.60 

4.48 

3.95 

4.63 

4.31 

4.44 

4.40 

0.25 

-b 
Irrad. 

2.98 

3.04 

2.46 

2,96 

2,85 

2.89 

2,86 

0,21 

Aa 
(%) 

-35 

-32 

-38 

-36 

-34 

-35 

-35 

2 
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The mean coefficient of thermal expansion between room temperature 

and 1073 K [C/oAn_i n7 3'»-l ^^^ measured to be 4.86 x 10 K for all 

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

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

all rods and 3% for the five most consistent rod types. '̂ CQnn-l nTT'i 

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

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

was 3.50 X 10 K , with a coefficient of variance of 2%, 

The thermal expansivity expressed as oixô _̂_, (.̂.̂ô  decreased an 

average of 29% for all rods irradiated in P13Q. Typical preirradiation 

and postirradiatlon curves of thermal expansion versus temperature are 

given in Fig. 9-25. 

Discussion 

The thermal expansivity values measured on the fuel rod specimens 

were nearly identical regardless of the fuel rod tested. Rod type 

G2-1A differed from the other rods somewhat, but no explanation for 

that difference is readily available. Other rods tested included 

the same particle types and packing fractions, the same fabrication 

techniques, and the same curing environment as rod G2-1A. Indeed 

variation of the above parameters apparently had no effect on fuel 

rod thermal expansivity based on the results reported above. In 

addition, neutron irradiation reduced thermal expansivity by about 

30% regardless of the total fast neutron fluence or the irradiation 

temperature. Any fluence or Irradiation temperature dependency is 

not obvious in this experiment, possibly because of the narrow 

irradiation temperature range and moderate to high fluences. 
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Three other variables which may be significant were not avail­

able for test in this experiment. Relative shim particle volume is 

most likely to have an effect on thermal expansivity. The matrix 

composition and fuel kernel fabrication process may also exert some 

influence on fuel rod thermal expansivity. However, P13Q was a test 

of fuel at about average HTGR reactor fuel temperatures and peak 

fast neutron fluences. The fuel rods tested represented nominal 

fuel types in an HTGR. 

Within the limits of the P13Q experiment, the thermal expansivity 

of representative HTGR fuel rods irradiated to peak fast neutron 

fluence at average reactor fuel temperatures has been determined. The 

mean values reported for all six rods have been used to generate the 

design curves of Fig. 9-25. 
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IK GRAPHITE DEVELOPMENT 
189a NO. 00552 

Characterization and irradiation of graphites for replaceable fuel and 

reflector elements, core support components, and permanent side reflectors 

are under way. The work includes irradiation, characterization, mechanics 

of strength, fatigue behavior, writing of standards, structural integrity 

of fuel blocks, and oxidation studies. Development of control materials is 

also included, but no work is funded during FY-77. 

TASK 100: FABRICATION AND OPERATION OF IRRADIATION CAPSULES 

Capsule OG-5 

Work on capsule OG-5 has been suspended due to the shutdoxm of the Oak 

Ridge Reactor during FY-77. Design documents, drawings, and completed 

hardware have been stored pending resolution of the resumption of ORR oper­

ations. Assuming the ORR operates in FY-78, capsule OG-5 v/ill be completed 

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

TASK 2001 GRAPHITE SPECIMEN PREPARATION AND PROPERTY MEASUREMENTS FOR 
CAPSULE IRRADIATION 

Capsule OG-3: Thermal Expansivity 

Postirradiatlon work on capsule OG-3 was completed with the measure­

ments of the thermal expansivity of control specimens of H-451 graphite 

(lot 426) and S0818 graphite. The measurements were used to compute the 

irradiation-induced changes in thermal expansivity (measured between 

ambient temperature and 773 K) in specimens of these two grades irradiated 

in capsules OG-1 through OG-3 to a variety of fluences and temperatures. 

The results are summarized in Tables 11-1 and 11-2. 

*Tables appear at the end of Section 11. 

11-1 



The data in Tables 11-1 and 11-2, together with data on thermal 

expansivity changes in graphites H-429 and TS-1240 tabulated in the previ­

ous quarterly report (Ref. 11-1), are plotted as a function of neutron 

fluence and irradiation temperature in Fig. 11-1. At the lower irradiation 

temperatures (865 to 1045 K), the thermal expansivity first increases by 5 

to 10% and then slowly decreases. At higher irradiation temperatures, the 

thermal expansivity decreases by as much as 50% of its preirradiation 

value, with the decrease most marked at the highest irradiation tempera­

tures. Data for all the near-lsotroplc graphites fall into the same band 

regardless of orientation and log location, with the exception of grade 

H-429 (small-diameter prototype of H-451); the irradiation-induced changes 

in thermal expansivity for H-429 were lower than those for the other 

graphites. 

For convenience in design calculations, the data for irradiation-

induced fractional changes in thermal expansivity, Aa/a, for H-451, TS-

1240, and S0818 graphites were fit to the following polynomial: 

Aa/a « (0.27830 - 4.2734 x 10~^T + 1.7815 x 10~^T^)$ 

- 2.0664 X 10"^*^ + 1.3601 x 10~-̂ $-̂  

where T is the irradiation temperature ("C) and $ is the neutron fluence 
25 2 

[10 n/m (E > 29 fJ)̂ ,_,_„]. Curves calculated from the polynomial are 

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

curves currently in use. 

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

TASK 300: CHARACTERIZATION OF CANDIDATE GRAPHITES FOR PROPERTIES AND 
PURITY 

Replaceable Fuel and Reflector Elements 

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

completed. Work on Union Carbide Corporation (UCC) grade TS-1240 and AirCo 

11-2 
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Speer (AS) grade S0818 has been suspended. Current work is concentrated on 

production logs of H-451 manufactured for Fort St. Vrain fuel element 

reloads. Approximately 350 logs were processed through the bake state 

during FY-76. 

H-451 Production Logs 

One hundred of the 350 logs were processed through graphltization and 

delivered to General Atomic for experimental purposes. Approximately 250 

logs remain in storage in the bake state at the GLCC Morganton plant. 

These logs will be completed and utilized for future FSV fuel element 

reload segments. Thirty-four logs from this production order were procured 

for experimental work on Task 11. Eight of the logs were resold to ORNL 

and four to Brookhaven National Laboratory (BNL) for experimental work. 

Approximately 45 of the logs were purchased by GA-ORNL for reprocessing 

studies. Six logs were purchased by GA for fuel processing studies and an 

additional 14 for fuel test element work. The following work is planned 

under Task 11 on the H-451 production logs: 

1. Characterization of four logs for properties and purity. 

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

100 logs. 

The tensile specimens were taken at the approximate midlength center 

(MLC) of each log (axial) and from an end slab (radial). Data will be 

compiled to determine the mean and minimum tensile strength at the weakest 

location (MLC) of each log. 

In conjunction with testing the strength of the 100 production logs, a 

round-robin test program is under way with GLCC to assure that tensile and 

flexural test procedures give equivalent results. A log of H-451 was 

sampled and the specimens divided randomly; one portion is being tested by 

GLCC and a second portion by GA. Results are expected for the next 

quarterly report. 
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S0818 Preproduction Graphite 

Thermal conductivity values for S0818 graphite are given in Table 

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

Side Reflector Graphite 

GLCC's grade HLM is under investigation as a candidate graphite for 

side reflector blocks. Grade HLM is an extruded graphite 1.14 m in 

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

A summary of the mean values of tensile, flexural, and compressive 

strengths of HLM is given in Table 11-4. Complete data sets are presented 

in Tables 11-5 through 11-7. Thermal conductivity data are presented in 

Table 11-8. In general the axial strength of HLM is highest at the outer 

edge of the log and there is a gradient across the diameter from the edge 

to the center. This pattern was less pronounced in the radial specimens. 

The tensile strength values ranged from 6,8 to 13.8 MPa, flexural strength 

from 13.8 to 20.8 MPa, and compressive strength from 35,3 to 44,7 MPa. 

Core Support Floor Graphites 

UCC's grade PGX is under investigation as a candidate graphite for 

core support floor blocks. Grade PGX is a molded graphite 1.14 m in 

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

A summary of the mean values of tensile and compressive strengths of 

PGX is given in Table 11-9. Complete data sets are presented in Tables 

11-10 and 11-11. The tensile values of PGX range from 8.1 to 11.4 MPa and 

the compressive strength from 38.3 to 45.7 MPa. The strengths in the 

radial direction were slightly lower than those for the axial direction. 

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

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

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

H-440 are fine-grained isostatically molded graphites. Grade 2020 is manu­

factured as logs 254 mm in diameter by 1828 mm long, and grade H-440 is 

manufactured as a preproduction log with a cross section of 330 mm by 330 

itrfi and a length of 1828 mm. Production logs of H-440 will be 254 mm in 

diameter by 2108 mm long. 

Grade 2020 is being characterized first, A summary of the mean values 

of tensile, flexural, and compressive strengths of 2020 is given in Table 

11-12. Complete data sets are presented in Tables 11-13 through 11-15. 

Thermal conductivity data are given in Table 11-16. Grade 2020 is uniform 

in strength along the radius, but the longitudinal center had a higher 

strength than the ends. The tensile strengths range from 14,1 to 18.9 MPa, 

the flexural strengths from 25.0 to 27,4 MPa, and the compressive strengths 

from 78.5 to 78,6 MPa. 

TASK 400: FRACTURE MECHANICS (FORMERLY STATISTICAL STRENGTH STUDIES) 

No work funded under this subtask in FY-77. 

TASK 500: FATIGUE BEHAVIOR OF GRAPHITE 

Ambient temperature uniaxial fatigue tests are being conducted on PGX 

graphite» The test procedures and methods of data analysis were described 

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

Three series of tests were completed during the current reporting 

period. Forty fatigue tests were completed on radial specimens with a 1:1 

tension-compression loading cycle (R = -1). The second series consisted of 

34 baseline tensile tests on axial specimens mounted in the fatigue 

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

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

S-N curves for the two sets of fatigue data, plotted in log-log co­

ordinates, are shown in Figs. 11-2 and 11-3. The lower population toler­

ance limits calculated by statistical analysis are included in the figures. 

As expected, the endurance limits for radial specimens tested with a stress 

ratio I R, of -1 are lower than the equivalent endurance limits for R = 0 

[reported in the previous quarterly (Ref. 11-1)]. For 50% survival to 

100,000 cycles, the endurance limits for R = -1 and R - 0 were 74 and 85%, 

respectively, of the mean tensile strength. Endurance limits for the axial 

specimens tested with R = 0 were slightly lower than the corresponding 

limits in radial specimens, A final series of tests on radial specimens 

with R = -1 is in progress. These tests will complete the planned fatigue 

tests on PGX graphite, 

TASK 600: RDT AND ASTM GRAPHITE STANDARDS 

This section concerns the writing of RDT graphite standards for HTGR 

graphite component materials. These standards are funded as a subtask 

under Task 11 work. ASTM standard work on nuclear graphite will be moni­

tored and progress will be reported. The ASTM work is by industry 

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

RDT STANDARDS 

Fuel Element and Replaceable Reflector Graphites 

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

Permanent Side Reflector Graphites 

The first draft is being x̂ rltten. 
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Core Support Floor Block Graphites 

The first draft is being written. 

Core Support Post and Seat Graphites 

The first draft is being written. 

TASK 700: IRRADIATION-INDUCED CREEP IN GRAPHITE 

This work is funded at ORNL. 

TASK 800: STRUCTURAL INTEGRITY OF GRAPHITE BLOCKS 

Residual Stress Analysis 

Residual stress calculations were performed for FTE-3, -5, and -6. In 

addition, stresses were recalculated for the eight-hole teledial element 

FTE-4 and the six-hole teledial element FTE-14, Previous results for FTE-4 

and FTE-14 were reported in Ref. 11-1. The recalculations were made to 

correct errors in the physical property data that had been used In the 

earlier calculations. The results of the calculations were compared with 

preliminary experimental results obtained during the examination of the 

test element bodies in the hot cell. 

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

Residual stresses were calculated for FTE-3, -5, and -6 in the same 

manner as discussed previously in Ref, 11-1. During the analysis, an error 

was found in the treatment of thermal expansivity for H-327 graphite by the 

GTEPC program (Ref. 11-3). It was also discovered that the test element 

bodies had been machined from the outside portion of the H-327 graphite 

log. As a result, the elastic modulus is believed to be better represented 

by the midlength edge values (12.41 GPa in the axial direction and 4.826 

GPa in the radial direction) than by the average of midlength edge and 
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midlength center used previously. Both of these corrections were made in 

calculating stresses in FTE-3, -5, and -6 and were also incorporated in 

recalculations for FTE-4 and -14. 

A brief summary of the end-of-life (EOL) fluence, maximum and minimum 

temperatures, and stresses is given in Table 11-20. The maximum and mini­

mum temperatures and stresses occurred at the same locations for each test 

element. These are illustrated in Fig, 11-4 and listed in Table 11-20. 

Because of the notch, the stress computed at location 359 by the linear 

elastic and infinitesimal displacement model is not likely to be reliable. 

This is expected to have a negligible effect on stresses in the remainder 

of the test element. 

Comparison of Analytical and Experimental Results 

In order to verify the residual stress calculations, long specimens 

were cut into strips and disks were slit along a radius. Measurements of 

the changes in dimensions following cutting were compared with predictions 

based on the calculated stresses at EOL, 

The axial stress distributions were used in conjunction with beam 

theory to estimate the bow of strips (Fig. 11-5), In computing the defor­

mation of disks after a slit cut, the GTEPC finite element program was 

used. A half-disk model was constructed, and the hoop stresses adjacent to 

the surface of the slit were converted to nodal forces and applied in the 

reverse direction to the model to compute the relative displacement after 

cutting. As an example, the change of maximum principal stresses after the 

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

Analytical and experimental results are presented in Table 11-21, The 

in-plane stress calculations appear in better agreement with the prelimi­

nary experimental measurements than the axial stress calculations. The 

reasons for the differences between the analytical and experimental results 

are currently under investigation. Possible explanations include errors in 
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Fig. 11-5. Measurements of strips and slit rings 
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the material data (thermal expansion properties in particular), or the 

analytical method, and perturbations in the measured bow due to the strip-

cutting technique, 

TASK 900: CONTROL MATERIALS DEVELOPMENT 

No work funded under this subtask in FY~77. 

TASK 1000: GRAPHITE OXIDATION STUDIES 

The HTGR Fuels and Core Development Program work on graphite oxida­

tion, previously reported under Task 4, 189a No. SU001, will be reported 

under this task of 189a No, 00552 in FY-77. 

Scope of Work 

Graphite oxidation studies comprise two major efforts: (1) charac­

terization studies, in which rates of reaction and the effect of oxidation 

on mechanical properties of candidate graphites are determined and (2) 

tests where specific model assumptions or theoretical predictions are 

tested or validated. The objective of the characterization work is to 

supply statistically relevant rate and strength data as input to computer 

codes for calculation of the effect of steam ingress in the reactor. The 

objectives of the validation tests are to verify code assumptions, models, 

and theoretical predictions and to reduce uncertainties in the results of 

the code calculations. 

Characterization Studies 

The characterization work will eventually include all candidate 

graphites. During FY-77 only GLCC grade H-451, a replaceable fuel and 

reflector element candidate, and SC 2020, a core support post candidate, 

will be studied. 
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Oxidation Rate Measurements 

The reaction rate measurements include parametric studies of graphite 

oxidation for determining rate constants in the Langmuir-Hinshelwood equa­

tion, which is the basic equation used in the OXIDE-3 computer code (Ref. 

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

temperature, degree of burnup, and sample configuration. The initial 

portion of the first phase of this work, concerning grade H-451 graphite, 

has been reported previously (Ref. 11-1). In Ref. 11-1 it was shown that 

the Langmuir-Hinshelwood equation is not valid over the wide range of water 

concentration which could occur in the reactor [5 Pa to 0.1 MPa H„0 (50 

yatm to 1 atm)]. It was discovered that a distinct change in the rate con­

stants occurred at about 300 Pa H„0. The most reliable and accurate data 

were obtained at water vapor pressures above 300 Pa, and so rate constants 

in the high concentration range were reported. At present, rate constant 

determinations are being measured in the low-pressure range (<300 Pa H„0). 

This work is scheduled for completion in June 1977. Two sets of reaction 

rate constants for water vapor concentrations may be recommended, one in 

the range 10 to 300 Pa and another in the range 300 to 3000 Pa. Stack-

pole's grade 2020 graphite will be studied next. 

Effect of Oxidation on Mechanical Properties 

The goal of this effort is to determine the mechanical properties, 

ultimate tensile strength, modulus, and strain at fracture, and in some 

cases ultimate compressive strength, as a function of uniform burnoff. 

Large numbers of cylindrical graphite tensile specimens are being oxidized 

under conditions which achieve a uniform oxidation profile. After pre­

determined burnoffs (percent weight loss), the samples are tested to 

fracture. The mechanical property data thus obtained are compared with 

nonoxidized control specimens to determine the changes caused by oxidation. 

The first phase of this work on H-451 graphite was reported in Ref. 11-5. 

Reference 11-5 also presents data for burnoffs of up to 20% at 1173 K and 

up to 2% at 1073 K and details on sampling and test procedures. The 
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samples oxidized at 1073 K will ultimately be taken to higher burnoffs. 

Stackpole's grade 2020 will be studied next. 

Validation Tests 

A test is being planned to determine the mechanical properties of 

graphite with a nonuniform oxidation profile. Oxidized slabs of replace­

able fuel and reflector element (grade H-451) and core support post (grade 

2020) graphites will be cut into bar specimens and tested in four-point 

bending. Their strength will be compared with predictions based on their 

oxidation profile. A test plan for this experiment is being written. 

Design and construction of the test apparatus will be initiated upon 

completion of the test plan. 
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TABLE 11-1 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL EXPANSIVITY OF H-451 GRAPHITE 

IRRADIATED IN CAPSULES OG-1, OG-2, AND OG-3 

Lot 

266 

Log No. 

5651-28 

Orientation 

Axial 

Location 
in Log 

Midlength 
center 

Midlength 
edge 

Mean Irradiation 
Temperature 

(K) 

915 
935 
935 
1045 
1195 
1205 
1170 
1270 
1335 
1665 
1660 
1660 

1045 
1125 
1110 
1255 
1260 
1480 
1515 

-25 
Fluence x 10 

(n/m^) 

(̂ >29 fJ)HTGR 

2.0 
3.7 
5.5 
1.9 
2.3 
4.5 
6.4 
8.5 
3.0 
3.2 
6.1 
9.0 

1.9 
1.9 
3.6 
2.8 
5.3 
6.3 
9.2 

Average 
Percent 
Change 
in CTE 

(295-773 K) 

+1 
+3 
-3 
+6 
-4 
-15 
-24 
-38 
-7 
~4 
-34 
-47 

+4 
+2 
+2 
-11 
-20 
-30 
-43 
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TABLE 11-2 
SUMMARY OF IRRADIATION-INDUCED CHANGES IN THERMAL EXPANSIVITY OF 

S0818 GRAPHITE IRRADIATED IN CAPSULE OG-3 

Lot 

4B 

Log No. 

6484-22 

Orientation 

Axial 

Radial 

Location 
in Log 

Midlength 
center 

Midlength 
center 

Mean Irradiation 
Temperature 

(K) 

1040 
1655 

1010 
1655 

-25 
Fluence x 10 (n/m2) 

^̂ >29 fJ)HTGR 

2.4 
2.9 

2.4 
2.9 

Average 
Percent 
Change 
in CTE 

(295-773 K) 

+3 
-12 

+7 
-11 



TABLE 11-3 

THERMAL C ' . lNDUCTlvnv DP 80816 GHAPHUE 

LOT NUMbERl as LUG ^ U M B E W I hUBam^? 

nwTEN* LUCA«" SPECIMFN 
TATION TION NUMREW 

3 ^ L i 10 
1AL51E 
3AL550 
3AL55 t 
5rtLo2i) 
5HLo?e. 
3Bt©foA 
3BL©6H 

MEANi 

STD« DEVI 

12a«6 
l ? 2 , 7 
t 2 5 « 7 
l?5«fe 
U3« fe 
1 0 8 , 6 
1 1 3 , 9 
t l S » b 

1 I 8 « 8 

6«6 

10««3 
1 0 0 , « 
102^9 
1 0 9 , 3 

9 8 , 9 
9a«a 

1 0 1 , 6 
U U O 

mli 
a , 6 

8 a , 2 
8 t , 3 
8 3 , 8 
9 0 , 7 
7 6 , 6 
7 a , I 
y^.i 
8 6 , 5 

8 2 , 9 

« . 8 

6 7 , 7 
6 6 , 8 
5 9 , 7 
7 5 , b 
o 5 , 9 
h ^ , 5 
6 6 , 0 
7 a , 5 

6 8 . 7 

3 , 6 

5 9 , ? 
5 6 , 7 
S 9 , 7 
6 6 , 9 
5 9 , 1 
5 8 , 7 
5 7 . 1 
6 5 , 1 

6 0 , 6 

3 , 5 

T H E ^ ' ' ^ A L C D N O U C T I V I T Y ( W / M - H ) A T I 

29SH a73K ft73K e73K 1075K 
C??C) ( 2 0 0 0 C4C»0C1 C60(JC) C800C) 
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TABLE 11-4 
MEAN STRENGTH VALUES OF GRADE HLM GRAPHITE (LOT 367, LOG 6484-78) 

(MPa) 

Axial 

Slab 1 

EC EM EE 

Slab 6 

MLC MLM MLE 

Radial 

Slab 1 

EC EM EE MLC 

Slab 6 

MLM MLE 

Tensile 

7.8 

+2.1 

9.4 

+ 1,0 

13.8 

+1.2 

6.8 

+1.0 

9.3 

+2.2 

13.3 

+1.8 

11.9 

+1.8 

12.0 

+0.7 

11.9 

+1.1 

9.9 

+1.3 

10.6 

+1.7 

12.4 

+0.8 

Flexural 

16.3 

+1.9 

38.1 

+0.9 

16.9 

+1.9 

35.0 

+1.5 

20.8 

+1.5 

39.8 

+1.5 

13.8 

+2.6 

35.3 

+2.2 

18.0 

+1.7 

35.4 

+3.2 

20.8 

+1.4 

17.9 

+1.7 

Compressive 

41.1 

+1.8 

43.0 

+1.1 

17.7 

+1.6 

41.0 

+1.8 

16.6 

+1.4 

41.6 

+2.4 

17.5 

+2.1 

40,5 

+1.6 

17.4 

+1.7 

42.6 

+1.5 

17.9 

+1.3 

44.7 

+1.0 
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TABLE 11-5 

T f N S l L E PRllPfcWTlgS OF HLM G«APHlT t 

LOT , .JU, 3 O ? S P f C , O I A , 1 2 , 8 MM 

i Ur, Mfe'JSlTY mm HG/H*«J 

S^tQl^i'^ I 'HIfeHT- LnCA«. DENSITY YUUNRS PlH^m PRAC- TfcfvSILE 
NiJMBtR ATI i ) . \ TlLfW ( f 'a /H«f *33r t t OiJLUS ANgNT TIJPI; STRENGTH 

(GPA) SET STtlAlKj CMPA) 
fPCT) (PCT) 

lAC« ie - i nA AX EC l , 7 H a 7 , i ^02U , 1 6 ! 9 , 1 
. ! ? A Ax tC U7««^ fo,7 , 0 1 8 , 1 7 5 9 , 6 
-^2?A Ax fC U 7 9 ^ a , 9 
«>?aA 4X tC I«7fe8 7 . 0 ,Olfe , 1 5 6 Q , l 

chA AX £C 7 , 2 
O^A Ax feC 9 , 6 
i n H Ax fcC 9 , f t 
IPB AX EC 9 , ? 
|MA AX EC 6 , S 
?0IS AX IC 5 , 1 

8«!S AX feC 6 , 1 
l e c ^ t l O f e t t A^ fcC l s 7 8 u 5 , 0 

10R« AX EC 1,7ft<l* 3 , « 
9«h AX tC l , 7 ? 7 a , 3 
96B AX EC U 7 « 5 7 , 9 

l(S?4 AX tC I f ? ,2 
l u a b AX EC 3,f t 
tohi^ AX EC 9 t 1 

|BCE»^ogA AX EC fi,6 
9ftA AM ec 7 , 7 
9?H AX EC 9 , 7 
«?aA AX K 9 , 1 
«?feA AX " EC fi,5 

MtAN I , 7 8 M 6«9 - «018 t i f e a 7 , 8 

3TD» DEV, ^ooa , 1 gOOZ ,_^UI0 ? , 1 
C'",0"?~MPSll " C 30 i » ,PS I ) 

11-24 



TABLE 11-5 (Continued) 

I E V S I L E pwopfcwfies ( 5 F ^ " " H L ^ '^ '"GWVPHITE 

MM LOT Wj, 367 SPtC^ DIA^ 12^8 
LOG" NU« ta&UmTH SPEC, LENGTH 71s ^M 
LQG OE'^STTY -«. HG/M**3 

SPECI^PN nRr£NT«. LUCA^ OEMSITV YUUN5S PfcRM^ FR4C^ TENSILfe 
'>iUMBE» ATiriN TTHN Cf^6/H^«f3)WnoULUS *N|NT TIJRI ST«ENGTH 

CgP^) SET ST^Alf^ {MF^5 
CPCT) (PCT) 

U C F « 31 PAD EC I a 7 7 ^ b,7 , 0 8 1 . 2 6 6 i ? , 5 
27 RAO £C 1«773 d , 5 ,OSt , 2 5 1 l i , i 
U f*AU EC 1 ,777 6 , 1 , 0 2 1 , 2 f l i J ^ J 
07 «Af^ EC 1 ,770 6«a iOaS ,29<^ I J t P 
P I K^i> 6C . 1 3 , 2 
no kA[> EC IU^3 
23 ^AD 6C. 15^7 
25 f^AU £C 1 2 , 7 
iP (^At EC t a , & 

J 8 L E « U 3 ^^^ tC I , t e e 6 , 5 «f* lS t l 9 y 9 , 9 
i l T WAO RC l i 7 8 5 1 2 ^ 1 
133 H4D t t l^yBU 7 a l sf^SO «21« f f )»« 
137 RAf) fC 1 ,78b 6 j 5 , 0 I « , | ^ U ^ s ? 

| 8 C e « 1 i | «AD EC S 2 , 3 
! 1 5 ^At) e r 7gS 
n o RAD feC 1 0 , 5 
U l «AU EC I2gf t 
135 MAP fcC 1 1 , 7 
139 R4C) EC , . ^ l l f ^ 

f̂ EÂ J l,7ap 6t6 .oai t239 H^9 
C .95 HPSI) ~ C 172a,P8IJ 

^J _.()«_ MPS!) f 25a,PSI? 
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TABLE 11-5 (Continued) 

TF^JSRE P t t u P f H T I f S OF HXM G R A P H I T I 

i UT MUg Sb7 SPFCg D|&« 1 2 , b 1^1^ 
LUG 'JiJ, h«^a«.7fl 3PrC» LtNf.TH 7 1 , KM 
iOG Dfcf^SITY mm M Q ^ H t t J 

•^PfeCIf'fN n H I t N T - LUCA- i)lHSlli VSJUNGS PlPHm PkAC» T ^ N S l t t 
"•iiJMBfcR AT l i 'N TlOf . {MG/M**-S)MyDULU8 A^^iMT TU'^g ST^fc^GTH 

CGPA5 S E T S T R A I N ( M P A J 
fPCT) CPC.TI 

U Y E » 3f»8 AX E'^ i«7bQ 9^6 
3aA AX EH 1 ,778 6 , 7 , 0 1 7 ^Ibi «>,0 
MfeH AX fc^' 1 , ; 7 | 7 , 3 , 0 i 5 , 1 2 6 8 , 2 
baA AX Ê ^ U 7 e % fe«S 9O20 , l b | 8 , 5 
30A AX |M g , 9 
SaB Ax fc-^- 9 , 6 
«2A AX EM 9 , 6 

tlfeA AX fcM a , 6 
54P A^ EM 8 . ? 

i B T ^ - l i ' i B A^ E^' 1978? 6^ft ^02iJ ^200 1 0 , 3 
l l « A AX fcM U 7 7 g ' 7 t « t O J ^ . t 7 6 9 , f t 
! 30B AX t " 1 ,701 6^9 ^021 , 2 0 1 1 0 , 3 

iefE<.,13ftA AX F.H U 7 6 7 7 , 1 , 0 1 5 ^1^0 l « , f e 

1 IHB AX Ê "' 9 , I 
126A AX tM 8 , 2 

"" " i ^ j ^ ' ' ^ AX EH 9 , a 
t30A AX IM 1 1 , « 
11«B AX t ^ H , « 

MEAN t,77a 7g0 «^l« ,I^a 9,« 

CitOt HP|l^ ^ ( l3fe7^P8IJ 

8T0, PEV« ,000 ^3 ,tf02 «0?6 1,0 
C t 0 5 MP8I1 r l a O p P S I l 
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TABLE 11-5 (Continued) 

" T E N i l l E PRUPFKTTE8"0F"'"HLM r^RAPMlTE 

LUT NU« 367 SPECt DiAt 12^8 ^ " 
LUC NO, 6a«as.78 8PEC« LtNGTH 7 U f̂ M 
L_OG DENSITY mm M|}/H#*3 

SPf.cIK.FN ORIENT- Lf iCA* DENSITY VfUJNGS PE»H» F R A C * T f N S I L e 
'lUHBtW ATIIPJ TION C'*'G/^''^#3)MfiDULU8 A^)eNT TU»6. 8T«ENGTH 

C&PA1 SET STRAIN (MPA) 
( P e n CP£T| 

UYE«» «5 «Al) EM | , 7 T 2 b,7 ,{)iQ ^278 1 2 , 1 
a9 RAO kf^ t « 7 7 3 6 , 1 , 0 3 0 , 3 0 « 1 2 , 7 
* 3 ^AD EM I , 7 7 S 6^3 .f>26 , 2 5 1 l l . S 
to? WAlJ E^ t . 7 7 J 6 t 3 . u a a . 2 7 ^ I 2 , d 
a j HAD feM 10^7 
a? RAO EM lOgS 
5 ! ^AD EH 1 3 , 7 
fel WAD feN 1 2 , a 

tS7 RAD EM 1^787 6 , ? «0«5 , i a 9 1 1 , 7 
1BYE«.171 WAD fcM l « 7 f t 6 b#^^ . '^2a ^ ^ 7 ^ 12 , f ' 

17S »*iJ fei^ U7 feb 5 , 9 « a g ^ , g T 4 t l , B 
1 5 | RAD i» 1 2 , 9 
155 WAO EM 1 3 , 1 
i S 5 ^ * 0 |M 1 8 , 7 

! 7 3 ^AO EM il^n 

C ,9U M P S n C ! 7 ^ S 8 p S I ? 

8 I U , DEV, , 0 0 7 t ? fOOS , y i 7 . 7 
C «03 MPSl ) C lOfegPSD 
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TABLE 11-5 (Continued) 

LUT N. j , 367 SPEC, O l A , I g ^ f t hH 
LUC. Nlig b(4BHm7B sPtCt LENGTH 7 i , MH 
LtT, p t ' J S l T V mm M Q / M * * | 

SPECIMEN OHltHTm lUCAm DEN8TTY YDUNiGS PERM* F«AC» TENSILE 
NU^^BLR A T I O N TlOh' CHCf/Mi**3)MypyLy3 4^4£NT Ty^E STRtN tTH 

CGPA) SET STRAIN C^PA) 
ep^T) c^cT) 

U e e ^ 6^b 4X fcF 1,769 7,6 ,019 , ? S i i a , 2 
^«A AX EE 1,770 7 ,3 tO lB g265 l< i ,5 
TfrB Ax t e U 7 5 7 7,41 ^ e i 5 ,?gfe 12,8 
' ' ^^ Ax tE U 7 7 1 6 ,5 , 0 2 i , 2 H lO tS 
6f»A Ax, EE iflpfe 
bUti Ax EP ~ l U . l " 
7 2 * AX Et 13,7 
7?B AX EE 1%,U 
Tb^ AX EE 12 ,a 
aab AX !•£ U , 5 

lBef«^l««y AX EE 1 ,767 1 1 , 6 
t4sRA AX EE 1 ,778 7 , 7 " , 0 2 ? , 2 ^ 2 15,0 
l6nH AX hE I g 7 b 7 7,7 ^ ^ l ^ î "^* l^.i 
t&̂ A AX EE l^yf'i 7 ,9 ,015 , 2 « i 13,9 
la«A AX EF | i i , 9 
i«f lb Ax EE l « , s 
ISftA AX EE j a , 7 
1 5 6 8 AX IE ^ .- . ~^^^^ 
ifeoA Ax i € i a , i 
168B Ax EE i « , | 

^E.AN t , 7 7 2 7,4i ,018 ,351 13,8 
CUOB MP^ i i _ _̂  C 2O06jP8l3 
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TABLE 11-5 (Continued) 

TENSILE PROPERTIES o r ' h L M 6»APHlTt 

LOT WCJ, 367 SPFC, OIA^ ! 2 , 8 MH 
LU6 NtJ« feae«-.78 SPECs L E ^ G T H 7 1 , MM 
LUR ngNSITY mm MG/M#^3 

mm«mmmmmmmmmmmmmmmmmmmmmmmmmmm4mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm 
SPECI'-'tN OHIENT-. LCiCA- DtHSlTY YOUK'GS PERM. FPAC^ TiNSiLt 
hUMBEP ATION TION CMG/'^t*3)Ml30ULUS ANfNT TMRE STRCNUTM 

CGPA) S E T S T R A I N {MPA5 
CPCTI . (PCT) 

U I E ^ 8S RAO IE l,7to8 b,f ,03I ,8^3 il,9 
8! RAU et 1,770 %.5 ,"29 .SI** 12«5 
99 RAD EE i,7fe5 5,6 ,039 ,209 g^Q 

103 R^O if n768 S,8 gt)25 ,??« 10^0 
79 RAD EE 12,6 

$7 RAO EE 13,a 
97 RAD Ef 1?,0 
I.J1 NAD tE 13,7 

l̂ fcl'»l05 PAO tE I5«t 
|Bfef«.lB9 HAD tE 1^785 5,9 ,oia ,2«5 11,9 

"19J RAD FE 1«7B3 ' 11,8 
207 PAD fcE UTfeb Ss* t'>39 #293 l U f r 
2 J ! RAD EK U76S 5 ,6 ^035 ,29a i i , 7 
IB f RAO EE | g , 3 
191 RAO EE 10,6 

205 "»^fJ tF I U 7 
209 KAU EF 12 |8 
? I S PAD t e 12,2 

HEÂ ^ U 7 7 1 5 ,8 , 0 3 3 ,27« H « 9 
( , 8 5 HPSI) C l 7 2 « | P S n 

STO^ DEV^ ,006 ,4 ,005 pOai 1^1 
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TABLE 11-5 (Continued) 

T F N S I L E >WUPfc-p"TIFS Uf- HLM GFIAPHiTt 

LOT 1^0, 3fo7 SPeC^ O I A , Xi^b MM 

LOG r ) tNS|TY ^ . H|5/M#,t| 

3PFCIME^ f,mEWT«« iOCA«« D E M S I T V V ^ U N G S PlRhm PRAt» TENSILE 
f-iUNBE» ATlDM TION (MG/H**33MUDULUS ANfNT TiiRf STHEr-Jt-TH 

(GPA) SET STRAIN (HPk) 
(PCT) CPCT) 

feAC"^ l o a AX MLC 1 ,701 7^3 , « i 9 , 1 1 9 7 , 0 
a , a 
? , ? 
8 . 2 

tjAC^"^ ISA AX ^'LC 6 , 7 
fo,0 

<jBCM«» 9«B AX -̂ 'LC I . 7 8 7 6 . 5 
6 , 9 
7 , 7 

6 , 9 
7 . 5 
fo,8 
6 , 1 

MEAN Ul'^^t 6 , 5 ~ ' , 0 2 2 "^l%9"^'' b,B 
C , f 5 M P 8 I I C 9 6 9 , p s n 

8TD, DEV, «006 tS , 0 0 3 t 0 l 5 1,0 

loa 
1?H 
2 ? * 
liaA 
10* 
ORR 
o^h 

1?A 
ISA 
g f tA 

^?B 
lUB 
9«B 
9feA 
9flA 

106^ 
9?A 
9«iA 
9(»B 
<^88 

! 0 « 8 
HifeA 

AX 
AX 
AX 
AX 
AX 
AM 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MLC 
"^LC 
^'LC 
^LC 
^'LC 
»̂ LC 
'̂U-C 

•"LC 
•̂ 'LC 
^*LC 
^t c 
^'LC 
•^•LC 
MLC 
^LC 
^' iC 
^LC 
MLC 
f̂ 'LC 
HLC 
•^LC 
MLC 

1 , 7 0 | 
1,7Q« 
U 8 0 3 
1^799 

1 .787 
UT^ 'S 
U^^f'S 
t « 7 9 i 

7 . 3 

6 t 7 
6 . ? 

6 , 2 
to,3 

, « I 9 

,^i^ 
, 5 2 2 

. 0 2 1 

. f i f -S 

. 1 1 9 

i l 3 « 
, 1 ^ 6 

, 1 3 6 
,5 5f. 
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TABLE 11-5 (Continued) 

T E N a l l t P R U P P R T I E S f-* HLM" " 6 K A " P H I T E 

LOT NO, 367 S?^IC, O I A , iS^fo ,̂M 
LUG NLU fe«8a.t7B gPtCs LENfr fh 7 ! , HH 
LOG OE^-fSlTV mm M 6 /M **3 

SPECIMEN nwIE 'O^* lUCAi . UEf^JSlTY YOUNftS P t » M - FRAC* fENSILE 
'jyMB|;W ATlON T |nK C^-C/M^i^DMtipULOa Af-grviT TURg 8 T H £ N C T H 

(GPA) SET ST»AIN CMPi) 

feACH 07 RAP MtC t^MOo 6«fe ^oib . ! 7 i 8 , 9 
I I RAO HLC t«T«^fe ^ ^ 7 , '»g« , i l i a li,H 
25 WAD ^LC 1 ,799 7 , ! , ' i 2 9 , I Q 0 9 , 7 
^Q PAU MLC t , 7 9 7 6 , 7 , o ? 5 , l a l 7 , 7 
05 RAU MLC 11^7 

oACM OQ RAU MLC « , g 
13 WAD Hj.c 1 0 , 8 
23 «A0 ^ L C 0^3 
27 RAD f«LC 10^3 
31 «AD MLC f , Q 

©bC* ! l ^ «AD h^C U 7 9 0 6 , 3 , 0 3 6 , 2 y 6 1(1-0 
im RAt) ^LC U 7 9 a 6 , a , 0 2 7 / 2 « 3 1 1 , 3 
131 RAD MLC 1 ,797 b^U , u 2 5 ,18*^ 9 , ! 
157 HAH MI.C 1^796 6 , 5 , 0 2 5 « IP0 ^ , 3 
113 RAD f-'Lt 10^9 
t l 7 RAU ^ L C 1 0 , 3 
121 «A0 HLC „ i U O 
l i t »AI) MLC 9 .7 
135 f'AD t%C 11,n 
139 RAD -̂ LC 10«? 

C ,%6 MP8I) .. C l a j i g P S n 

STO, DEV, ,003 ,2 ,00a ,015 1,3 
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TABLE 11-5 (Continued) 

TENSILt PROPERTIES tJP HIM G « A P H I T E 

I UT nO^ 367 aPECg DIA, li,B '̂M 
LOG ''^O, tUBumjB SPECt LEMGTW JU "̂ "̂  
LOG DtNgjTY mm Mf,/Mt«J 

SPECI^r*^ fiRIE'MT- LUCA- DfcMSTTV VfiUNGS PlkHm F R A f TpMSILl 

C G ^ A ) S E T ST^AlfJ (»Pt} 
( P C T ) CPCT) 

i , 7 9 j 
l,H\iU 6 , 7 , 0 2 1 , l i | 9 a , 3 
1,79d fe,(> 

9 ,? 
IC',2 
8 .7 

13,0 
9 .5 

ttflOO 7,fe , 0 2 7 ,Hb 9 , 3 
U 7 9 2 5 , 7 

10,0 
9,0 

I ? . 3 
i o , 7 
11.6 
11,1 

^EAN } , 7 ^ 6 7,? . f i23 , l fc9 9 ,3 
C|^0^ MP8IJ C I J 5 ? j P 8 n 

8TU, DEV, , 0 0 5 ,B , 0 0 3 . 0 1 6 ? , ? 
C t i l H P s r r C . l l f e .PSI ) 
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TABLE 11-5 (Continued) 

TfeNSlLfc P«0PfeRTIfc8 0> MLM " gRAPHlTt 

y^ LUT ^̂ Û  Jtl SPEC, OIA, |2^e 
( OG N0« b<48«i.7« SPeC« LF-NQTh 71, ,̂M 
LOG nfeNSjTY mm MG/M#*3 

SPEtl-^EN OMlfNT^ LOCA» OeNSlTY YOUNGS P£»^« PRAC*- T E N S R E 

'jyMBfĉ  A T I O N TlOh C^'G/M^Ai^^'OUuLuS A^E'^ lU^l ST^f^&tH 
C&PA) SET STR|(I(>. (MPA) 

CPCT3 (PtT3 

oArM 45 HAD ^^L" l^BOZ ftgP 9"2«» ^200 lO^o 
a9 ^Af) î L̂ ' 1,7^5 t>,7 / 2« ,189 9,9 
61 RAU "iL"̂' I.̂ Oii 6,|5 ,02l> ggOS 10,0 

5AYM ^7 RAO f̂L'̂  l«gOO ««S 

a7 WAD >">l^ iO,S 
Si RAU WLH If, 3 
fe^ RAU MLK 10^3 
&5 »AD "LH i?,! 
fe^ RAD '̂Lf t3s? 

157 WAD ^̂L*̂  U7HH S,9 ,«<̂ 9 ,270 11,7 
17| MAD Mt ̂'- 1^797 6«1 ^(^iB ^207 9^Q 
175 «AD Mt^. 1.7^6 5,6 .u^a ^272 11,0 
i^i PAD ML" |?,0 
155 (-AD *̂LM I U 8 
159 «AD ^LM 10^0 
IfeQ «AD HLH ^ IIgt 
173 HAD MLH 10^1 
177 «AD MLM iÔ fe 

HtAN |^7QS 6 , J , ( .27 , i S O 10^6 

STD, UEV^ ^006 , « / ' 0 2 ^038 1^7 

C , 0 6 MPSU ( a«BgP8 l5 
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TABLE n - 5 (Continued) 

f F N S l L l P»UPfRTf f :S Of HLM GRAPHITE. 

LOT NO, 3®7 8 P 6 t , OlAs ! 2 , 6 f̂ .w 
! U& hi\ 6S}«<4»78 SPf.C, lEN&TH 7 J , MM 
L J P HfeNSITY .»«. M f ^ / M * ^ | 

SP tL l ^ 'EN n«IEfMT«i LUCA- DENSITY YQUM08 PERM«, P R A C ^ TgNS IL t 
•MU'^BtR AT^O^ T l O ^ C' '^G/'-**3)MrjOyLuS AtvF^'T t u « £ ST^E'^^tTH 

C G P A ) S E T S T R A I N (MP*) 

oAen 6oa AX Mlfe ! , 7 « 3 T^7 , o l h , 2 ^ 5 I S , 5 
6aA AX ML£ l ^ 7 8 b 8,R ^015 , 2 5 « 1 6 , 2 

6AtH 7feB AX Mf„e I t 7 ^ « 7 ,S « 0 I 6 . I P a | (,, P 
ftaA AM MLt U f t o ? 7tfe «^2o » i 8 * 1 0 . 7 
tOA AX MLP i a , i 
6«B AX M^f l a , 9 
7?A AX -1U I ? , 7 
7aB ax M^t l a ^ a 
7feA AJ< MLE 8 , g 
eaf i AK ^LE l a . i 

ftBtM J4?B AX MLt U 7 9 a 7 , 0 , J . ) 2 1 , 8 6 3 1 3 , 7 
1«6A AX MLf t , 7 ^ S T^6 , 0 2 0 ,iUti ! 3 , t f 
ISf lB A>̂  MLfc l , 7 g a 7 ,P , 0 ? 0 a?a7 l a , I 
|6aA AX MLE \,79u 7 , a ^nSn , ^ a ^ | a , 0 
l aaA AX ^*LE l « , b 

t5«A A)C ^iL| !«,? 
l5aB AX ^Li 12,a 
tS^A AX MLE 
IbUB AX NLE 

i 3 , 3 
I ? . 2 

MtAf̂ J l , 7 9 l » 7 , 7 , O j a , 2 3 2 1 1 , 3 
t l « l ? MPSl 5 __ __ C 1 9 2 2 , P S I ) 

( VQ7 HPSI ) C ? 5 7 « P S I } 
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TABLE n - 5 (Continued) 

'~Te~N81L£ P R 0 P £ R T I F S "OF H L H " " " GKAPHITi, 

LOT NUg 167 SFECs OIA5 * * * * * * MM 
LUG NO, feUSii-TS S ^ f C , L t N G i H 71 « -̂̂ '̂  
LOO. DfcNSITY .p- MG/M^*3 

SPtCI^ifcN P R U H T . L O C A I « D E N S I T Y YUOMOS P E R ^ " » Ff«AC"» TP^^vSlLE 
•N'ljt^BtR AT|UN TION (^G/^" **•$)» f>0\jlij$ SNgNT TiiWl STWtNtTM 

C G ^ A ) SfcT S T f t A l ^ ( f^P^) 
fPCT) CPCTI 

mmmmmmmmm>mmmmmmmmmmmmmmmmmmmmmwimmmmmm»mmmmmmmmmmmmmmmmmmmmmmmm 
6Afc^ 81 RAO HLt 1,798 *.« ,-) 15 «379 |?,fe 

8^ RAU Mlt l«e«! fe,? «f.27 .2«^ 12,fe 
^q RAU MLE i.ftOO 6,^ ,023 ,230 11,y 
103 RAD MLt U?96 6,? ,0^8 ,21a 10,7 
79 «*A0 MLF 12,0 

67 RAO MLt t2gS 
97 RAD MLf 12.3 
101 **^ ^Lt 13^7 
105 HAU MLfe 13,7 

6B|N J8« RAO MLt !^7«S 6t! ,029 ^270 ||,Q 
195 «AD MLfc 1,792 5,7 ^„26 «g9g tg,o 
a07 RAO MLF- 1*765 5«6 «»1C) «289 U t 9 
2 U RAU MLt 187^7 5^9 ,(!29 «10(> U,S 
187 WAO MLt 13,0 
H ! f̂ AU MLt I?.3 
19? RAU MLE - 1^,7 
a05 RAD MLfc" |«,5 
200 RAU ^ L E I3»0 

oBtN 211 RAD MLE li,« 

MEAN l,7Qa 6,1 .tias ,27u 12,a 

C ,B9 MP9II C 1«04^PST) 

c «oa Hpsn C iifegPSl) 
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TABLE n - 6 

FLEXURAL PROPERTIES OF HLM '^GRAPHITE 

LOT NO. 
LOG NO. 

36 7 
6«48'»-

LOG D E N S I T Y 

SPECIHEN O R I E K T -
h.UHBER 

l A 

I B 

I B 

A T I O N 

56A 
56B 
58A 
58B 
62A 
62B 
68A 
63B 
70A 
70B 

128A 
1 2 8 8 
13QA 
130B 
IS^^A 
13«fB 
14QA 
IHOB 
1H2A 
l i f 2 B 

AX 

ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MEAN 

S T D . 

LOCA-
T ION 

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

EE 
EE 
EE 

1 

D E V , 

- 7 8 
SPEC. O I A , 
SPEC. LENGTH 

H G / P * * 3 

- D E N S I T Y 
< M G / M * * 3 ) 

MODULUS OF 
EUPTURE f M P A l 
CUNCORRECTEOI 

2 7 . 2 
24^.8 
2 6 . 3 
2 7 . 9 
2 ' 4 . 5 
2^.6 
1 9 . 1 
2 1 . 7 
2 3 . 0 
2 ^ . 1 
2 2 . 7 
2 7 . 9 
2 6 . 0 
2 i 4 . 8 
2«* .8 
2 1 . 9 
2 7 . 8 
2 3 . 9 
2 5 . 5 
25 .£* 

2 i | . 7 
I 3 5 8 « i . 

2 . 3 
f 3 2 7 . 

HPA 
P S I l 

MPA 
P S I l 

h,^ HH 
5 1 . HM 

FLEXURAL 
STRENGTH IMPAJ 

ICORRECTEDS 

2 2 . 4 
2 0 . 9 
2 1 . 8 
2 2 . 8 
2 0 . 7 

. 2 0 . t o 
1 6 . 9 
LB.fe 
2 0 . 1 
2C. '+ 
1 9 . 5 
2 2 . 8 
2 1 . b 
2 C . 9 
2 0 . 9 
1 8 . 9 
2 2 . 8 
2 0 . 3 
2 1 . 3 
2 1 . 3 

2 0 . 8 
f 3 0 1 5 . 

1 . 5 
1 2 1 7 . 

MPA 
P S I 1 

HPA 
P S I 1 
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TABLE n - 6 (Continued) 

FLEXURAL PROPERTIES OF HLH GRAPHITE 

LOT NO. 
LOG NO, 

3 6 7 
6'48'<-

LOG D E N S I T Y 

SPECIMEN O R I E N T -
NUMBER 

l A 

l A 
I B 

A T I O N 

36A 
36B 
38A 
3 8 8 
«J2A 
**2B 
«48S 
I48B 
50A 
SOB 

lOBA 
108B 
l l O A 
H O B 
11*4A 
11%B 
120A 
120B 
122A 
1 2 2 8 

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

LOCA­
TION 

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

-78 
SPEC. D I A , 
SPEC. LENGTH 

H 6 / M * * 3 

- D E N S I T Y 
C M G / M * * 3 I 

MODULUS OF 
RUPTURE I M P A I 
lUNCORRECTEDJ 

2 L . 7 
2 1 . 1 
2 1 . 7 
2 1 . 7 
2 0 . 9 
1 5 . 6 
1 5 . 3 
1 7 . 7 
1 9 . 2 
1 7 , 3 
2 J . 9 
1 9 . C 
1 9 . J 
2 2 . 1 
l b . 3 
1 6 , 0 
1 7 . 6 
2 0 , 0 
2 3 . 3 
2 2 . 1 

b,H HM 
5 1 . MM 

FLEXURAL 
STRENGTH 1MPA) 

ICORRECTED) 

1 7 . 9 
1 8 . 1 
1 8 , 5 
1 8 , 5 
1 8 . 0 
m.i 
1 3 . 8 
1 5 . 7 
1 6 . 8 
1 5 . 4 
1 8 . 0 
1 6 . 7 
1 6 , 7 
1 8 . d 
1 4 . 6 
14,H 
1 5 , 6 
1 7 , 4 
1 9 . 6 
1 8 . 8 

MEAN 

STD. DEV 

19.4 MPA 
C2811. PSI> 

2 . 4 
3 5 3 . 

HPA 
P S I ) 

1 6 . 9 
1 2 4 4 7 . 

MPA 
P S I l 

1.8 MPA 
2 5 8 . P S I l 
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TABLE n - 6 (Continued) 

FLEXURAL PROPERTIES OF ' HTM" " GRAPHITE 

SPECIMEN 
NUMBER 

l A 

I B 

I B 

LOT N O . 
LOG NO, 

3 6 7 
6 4 8 4 " 

LOG D E N S I T Y 

1 O R I E N T ­
A T I O N 

12A 
12B 
IDA 
lOB 
16A 
16B 
24A 
24B 
26A 
26B 
32A 
32P 
88A 
8 8 8 
86A 
8 6 8 
80A 
SOB 
96A 
9 6 B 

102A 
102B 
104A 
104B 

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

LOCA­
T ION 

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

SPEC. D I A . 
- 7 8 SPEC. LENGTH 

M G / M « * 3 

- DENSITY MODULUS OF 
< M G / M * * 3 ? RUPTURE tMPA 1 

iUNCORRECTEDI 

2 1 . 8 
1 9 . 5 
1 9 . 7 
2 U . 0 
I b . l 
1 6 , 4 
2 0 . 4 
1 8 . 2 
1 5 . 9 
2 0 . 9 
1 9 . 5 
1 9 . 6 
1 9 . 5 
2 1 . 8 
1 4 . 2 
1 5 . 6 
1 9 . 2 
2 0 . 1 
2 1 . 7 
2 0 . 3 
1 9 . 3 
1 1 . 9 
1 8 . 1 
l b . 3 

6 . 4 MM 
5 1 . MM 

FLEXURAL 
STRENGTH I M P A I 

CCORRECTEDI 

I f c . o 
1 7 . 0 
1 7 . 1 
1 7 . 4 
1 4 , 4 
1 4 . 7 
1 7 . 6 
1 6 . 0 
1 4 . 3 
1 8 . J 
1 7 . 0 
1 7 . 1 
1 7 . 0 
1 8 . 6 
1 2 , 9 
1 4 . 0 
1 6 . 7 
1 7 . 4 
1 8 , 5 
1 7 . 6 
1 6 . 8 
1 1 . 0 
1 6 . 0 
1 4 . 6 

MEAN 1 8 . 6 HPA 
1 2 6 9 5 . P S I l 

1 6 . 3 MPA 
( 2 3 5 8 . P S I l 

STD. DEV 2 . 5 MPA 
I 3 o 8 . P S I l 

1,9 MPA 
\ 2 7 9 . P S I l 
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TABLE 11-6 (Continued) 

FI-EXURAt PROPFPTIFS OF H L M GRAPHjTE 

LOT Nn« 

LD^? ^ iO* 

1 6 7 
bHQU' 

LOR n g N S I T v 

SPFCTMF^j ORIFWT'» 

' J H M R F P A T f n w 

hA ?nOA 
?Of>B 
?0?A 
2 0 2 B 
lOfeA 
?0 6B 
2 I 2 A 
? ! ? B 
? i « A 

6H ^ 7 0 A 
? 7 0 B 
? 7 ? A 
?7?.H 
? 7 6 A 
?7feB 
p^OA 

saofi 
?7PA 
? 7 e 8 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
A* 
AX 
A« 
AX 
AX 
AX 
AX 
AY 

AX 
AX 
AX 
AX 

Mf AN 

STD^ 

LOCA-
T i n N 

-

MLE 
Ml f 

•^LE 
<^IE 
MLE 
MLE 
Mt»E 
Ml e 
MLE 
MLE 
MLE 
MLE 
MLE 
MLF 
^LE 
M| E 
MLE 
MLE 
MLE 
MLE 

UFV« 

»sm«!es&|®'^«%'^^flS!^ 

. 78 
S P E C , 0 I A » 

- SPFCa L E ^ i R f H 
M f ; / M * * ' S 

' DFMSTTV 
( M R / M * * ? ) 

-

HOnuLO? ( I F 
ROPTUkF C^iPAl 
(ONCpRRFCTED) 

? 3 . « 
n.9 
? 7 ^ S 
2 S , 0 

? ^ . 3 
^ 5 , 1 
? a . S 
? a , i 
? 5 . 9 
a t , 8 
2 ? « « 
2 3 ^ 1 

sfi.s 
?a ,2 
21 «6 
2« .2 
? ^ s 9 
?7,a 
2 2 , 7 
?o,a 

?a .5 
C355a, 

. 2 .2 
( 313, 

MPA 
P S I ) 

MPA 
P S ! ) 

^ 1 , f̂ M 

FLFXURAL 
STRE^.GTH f M P A ) 

(COPRtXTF.D) 

2<M 
? 3 , l 
2 ? , f l 
?.i , ? 
2 l t ^ 
«1 . ^ 
? 0 „ Q 
2 0 , ^ 

2 1 . « 
I Q . f i 
1 9 ^ 7 
19^9 

as.? 
2 0 « 7 
I 8 « « 
? 0 . T 
2 U ? 
? ? « 7 

| 9 , 6 
I f l t O 

2 0 , P 
C 5 0 2 ? , 

1 s« 
f ? i n ^ 

«» ^ 1 S » SBF»i 

MPA 
P S T ) 

MpA 
P S I ) 
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TABLE 11-6 (Continued) 

FLEXl'RAi PRHPF^'TIFS OF HLM G«?APHTTf 

LOT MO, 367 SPFC. D IA* bJ^ HW 
Lnr, KiPg 6afil|«.7B SPfcC^ L t ^GTH S 1 ^ MM 
LOR DF^SITY -« . Mf;/^4*,%3 

SSPFCIMFM OPIE^ 'T- LOC&* DgHSTTY l^ODOLUS OF FLFXORAL 
\HMBts? AT I ^ ^ . T inM f H G / H * * 1 ) PiJPTURE (^PhS ^TRfNGTH (*^P^) 

(yNCORBtCTED) ( r n R » f n T F D ) 

6A I f lOA 
I B f t B 
1A2A 
t 8 ? B 
1Q6A 
1 0 6 8 
18dA 
1 fl6R 
1Q2A 

102B 
i ^ a A 
l o a B 

6B 2 5 0 A 
3 5 0 8 
?5?A 
?«5?B 
?5f tA 
? 5 6 8 
?fo2A 
? 6 ? B 
a 6 « A 
? 6 « f l 

AX 
AX 
AX 
Ay 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
At 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MFAN 

Hi H 
H| M 
HLM 

m M 
f̂ t**̂  
MLM 
Ml M 
ML ""̂  
HLH 

ML*^ 
MLM 
M| M 
MLM 
HLM 
M^M 
HLM 

Mj,M 
MLH 
Ml. M 
MLM 
MLlM! 
MLM 

*W*S»SipSS^'^fti8a^aBffifS(8i^fi 

t 9 , 2 
? 3 « ^ 
1 7 , 6 
1 9 , 7 
2 1 , 2 

?uo 
2 0 . ? 
I B , 6 

?Ua 
? 0 , 7 
1 6 . 6 
I P . 3 

n.'i 
1^,0 
?f l ,7 
21.P 
20 ^ t 
2« ,6 
2«»7 
2 « . 3 
25 .2 
51 ,2 

2 0 « 8 MPA 

! f c . 9 

?f^«o 
1 ^ . 7 
1 7 , 3 

IB.a 
!« .? 
1 7 , 6 
tbji 
tB,^ 
J « . 0 
l a ^ Q 

ib,? 
1 5 , 6 
1 6 , 7 

I P t " 
1 f i , 3 
1 7 , 6 
? 0 , 6 
2^a7 
? 0 , 4 
2 1 , 0 
1 8 , 5 

I f i ^ O MpA 

STn« OFV, 2 , 5 MPA U 7 MPA 
r 358« P S n ( 2 5 ? , P S I ) 
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TABLE n - 6 (C< 

FLEXURAL PROPEPTIFS OP 

LOT NO, '^bl 

LOG DFN8TTV -« MR/ 

«?PFCTMFN riRlENT«. LOCA- OpHSTTV 

6A 15«A 
i s « e 
IS6A 
ISfeB 
160A 
IhOB 
17<1A 
i 7 « h 
176A 
t76B 
t6BA 
16ftB 

6B 2?aA 
??aB 
2?6A 
2?68 
23?A 
?S2B 
?36A 
?36B 
assA 
?38B 
?44A 
?a«R 

4X 
AX 
AX 
AX 
A^ 
AX 
AX 
AX 
AX 
AX 
AJ 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MLC 
MLC 
MLC 
Ml C 
f^LC 
MtC 
MIC 
M! C 
'^LC 
MLC 
^ i C 
MLC 
MLC 
"^IC 
MLC 
MLC 
«LC 
MLC 
^LC 
MLC 
^LC 
MtC 
HLC 
MLC 

MEAN 

STH^ OEV« 

t inued) 

HLM GRAPHJTF 

SPEC« DTA» h^u MM 
SPFC, LfNRTH 51« MM 

^ * 3 

MnnoLOs OF F L F X U P A L 
RUPTURE fMPAl STRpNGTH fwpA) 
(UNCDRRLCTE01 (CORRECTED) 

t « . ^ 
1 7 , « 
t ! « ^ 
I'K"^ 
2 0 , 1 
m ^ K 
i p . ' j 
tR,<^ 
1 5 . 7 

« . o 
1 7 . 1 
I 7 « . l 
I'^tfe 
15,7 
n^a 
I ? . 9 
1 9 . « 
i 6 « a 

e«^ 
1 9 , n 
| 7 « 6 
1 7 , 6 
15^0 
11«S 

1«5«6 »*PA 

l«?«S 
lS«f t 
t l « n 
13»0 
17«3 
t f t , 1 
1 1 , a 
16.^^ 
i a , n 

7 , h 
\^.\ 
l^.^ 
i a«A 
ia«r t 
1 3 , 0 
l i . « 
l f « 7 
i a , q 

8 , a 
16««i 
1 5 . a 
t s ^ s 
13«5 
10 ,A 

1 1 , « MPA 

3«3 MPA 2«fe MPA 
C a7S, PSi) C 378« PST) 
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TABLE n - 6 (Continued) 

FLFXORAL PROPERTTF^ OF HLM GRAPHJTF 

SPFCtMFM 
fJUM«F.P 

1 A 

1R 

LOT ^M^9 
LOG NOs 

1 6 7 

bus^nmyn 
LOG DENSITY mm MR/» 

ORTFNT-. 

ATTHN 

1 1 ! 
U S 
117 
12! 
153 
137 
l a i 
l «3 
ia7 
l aa 
267 
?J\ 
? 7 3 
? 7 7 
27Q 

? 9 3 
? 9 7 
2 9 9 
^ 0 3 
1 0 5 

-
S SB ^ (HS ®9 * 

SAD 
RAH 
PAT 
PAO 

RAD 
PAH 
RAD 
P A H . 

PAD 
RAO 

»An 
PAD 
SAO 

PAH 
RAO 
RAD 
RAD 
RAD 

RAD 
RAD 

LUCA«. Dfe-MSTTV 
T l r i N C M G / M * * X ) 

IE 
EF 

EE 
EF 

H 
EF 
EE 
Ef 
EE 
Ef 
EF 
EF 
EE 
EE 
EF 
EE 
EF 
EF 
EE 

mmmmmmmmmmmmmmmt 

SPPCs D I A « 
S P E C , LENGTH 

«t*#3 

MODULUS HF 
PUPTOPE (MPA) 

CUNCORRECTF03 

?l.?'" ""̂  
1 9 , 3 

1 % 5 
? 2 » 0 

2 0 ^ 6 
? 0 , 7 
? ? . 1 
l ^ ^ O 
1 8 , 8 
? 0 « ^ 
1 7 , 9 
2 3 « 6 
2 2 , 1 
1^»7 

l ^ ^ f i 
2 0 , 7 

1 7 , 0 
1 f e , 3 
1B,<? 

h»t f MM 
5 t « MW 

Ft FX l iRAL 
STRFNGTM f M P A ) 

( r O R R E f T E D ) 

I P . t 
l f e « ? 
l S , f l 

} f i . ' ^ 
1 7 , 1 
1 7 , ? 
! 8 « 0 

1 ^ . ^ 
l f e»0 
1 7 , 1 

I S , 3 
1P«Q 
1^«0 

t i - e 
16«6 
1 7 , ? 

J« , f t 
l t t«? 
1 6 , 1 
1 6 ^ 9 

MfAN 

STO, DEV, 

1Q,6 MPA 
( 2 6 7 S , PST) 

? , 1 MPA 
C ^ 0 6 , PS?) 

C2«<^7, P S I ) 

1^a MPA 
C 10fl« P S f ) 
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_. TABLE n - 6 (Continued) 

ELEXliRAL PRriPFPTlES OF HtM GWAPHjfF 

LOT MO, 3fe7 
I0g_ WLU 6 « B a - 7 P 
LOG DENSITY mm 

SPFC. DIA, 
SPRC« LENGTH 

MR/M**3 
S1« HM 

.qppcTMFM OPIf.MT«. LOCA». DEMSfTV MtiDOLUS OF FLEXURAL 
RiiPTIiPF (MpA) S T R E N G T H fMPA) 
rUNCORRICTEDi J[C"RRECT|-D) 

1 A 

1 A 
1R 

59 
63 
feS 

J! 
RS 
89 
9! 
9S 
97 

RAD 
»AD 
RAD 
RAD 
EM. 
PAD 
RAD 
t?An 
RAD 
PAD 

2JS..fiAD 
21<? PAD 
a?i 

a?7 

2«7 

293 

PAD 
E?AD 
PAD 
RAD 
RAD, 
(?A1) 
RAD 
RAD 

EM 
EM 
EM 
EM 
EM 
EM 

EM 
EM 
e^ 
Ew 
EM 
EH 

EM 
EM 
£M 
EM 
EM 
EM 

19.5 
23«7 

19,3 
17,5 
a i « i 

a t . 8 

20,2 

17,1 

1h«9 

17,7 
lfe«6 
15,6 
19«3 

16,6 

MgAN 

STO, OEV, 

a i , 2 MPA 
(30708 P S T ) 

a.S MPA 
f 362, PSf) 

17,7 MPA 
(2562, PST) 

IgiS MPA 
C 3 2 6 , PST) 
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TABLE n~6 (Continued) 

FLFSOIRAL PROPERTIES 0^ WLM GRAPHfTE 

«?PFCIMEN 
MllM«Ef? 

1 A 

IB 

e»«Re»«»«R(e>e»qai 

LOT MH, 
LOG ^JO, 

567 
bdBiin 

LOG DFNiSITV 

ORIFWT^ 
ATTON 

7 
9 

13 
15 
19 
33 
IS 
30 
4 i 
45 

1^1 
165 
1b^ 
I 7 t 
175 
189 
J ^ l 
i'^5 
1«?7 
?»1 

OAD 
RAD 
PAD 
RAD 
PAD 
t? A D ' ' 
WAD 
RAD 
WAD 
PAD 
RAD 
PAD 
PAD 
R&D 
RAD 
{?AD 
i ?Ap 
OAD 
PAD 
R&D 

LOCA» 
TIHNJ 

tc 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

• 'EC 
EC 
EC 
EC 
EC 

.,W 
EC 
EC 
EC 

m'BK^»m mm 

semms^mi<mmsmm^^ 

.7« 
«,• MfJ/t^ 

. D F N ' S T T V 

( N ' G / M * * ! ) 

im«»«»maimmmss'm'm 

SPEC, D I A , 
8PEC» LENGTH 

' * ^ 3 

MODUtUS OF 
RUPTURE (MPA) 
CUNCORRFCTEO) 

19^0 
2 ^ , 6 
2 a , 7 
1 8 , 0 
2 3 j b 
?0«4 
? 2 , f l 
2 2 , rt 
2 S , 3 
2 2 , 1 
1 8 , ? 
| 5 , « 
2 0 , 7 
2 2 , 2 
1 9 , 2 
2 2 , b 
a2«fe 
2 ? , b 
2 1 , 7 
1 7 , 3 

6 , a MM 
S! , MM 

FLEXUWAL 
STRfcKiQTH (MPA) 

(CORRECTED) 

16 .S 
2 0 , 1 
2 0 , ? 
15 ,B 
1 9 , 5 
1 7 , a 
1 9 , 0 
1 8 , S 
l^p-U 
l f i , 6 
I S , 9 
1 5 , 8 
1 7 , 7 
I P , ^ 
1 6 , 6 
i e , 9 
1««*9 
18.Q 
i e , 3 
1 5 , ? 

MFAN 

S I D , OE^, 

2 1 , 2 MP4 
( 5 0 e 8 , PST) 

2 , 5 MPA 
( S 7 0 , PST) 

X7^9 MPA 
( ? S 9 a ^ P 8 I ) 

1,7 MPA 
C 2 5 1 , P S ! ) 
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_ „ TABLE n - 6 (Continued) 

F'lEXiiRAL PROPFPTI fs OF HtM 6RAPHITF 

LOT Ktfl, 3fe7 
10£. NLU 6«8«^7B 
LOG DENSITY «.» 

SPEC, D I A , 
iSPEC, LENGTH 

MR/M**3 
SI , MH 

.qPFTTMFM 
M11M R E P 

1 A 

1 A 
IB 

OPIfMT'o 
ATinN 

59 RAD 
63 RAD 
65 RAD 

71 SAD 
BS RAD 
89 RAD 
9\ i^AD 
9S RAD 
97 f?AD 

21S..RAD 
21Q PAD 
2?1 PAD 
P.SH RAD 
^?7 PAD 
2«t RAD 

a«? 9AD 
2^7 WAD 
a^l RAD 
253 RAD 

LOCA- DE'̂ 'STTV 
TION f^G/M**^) 

EM 
EM 
EH 
EH 
EM 
f.M 
&M 
EM 
EM 
£M 
EM 
EM 
HM 
few 
EM 
gM 

fe^^ 
EM 
EM 
EM 

M0D!H„U8 OF FLEXURAL 
RlJPTfiBF (MPAI STRENGTH (MPA) 
(UWCO»RECTED) ICORRECTFD) 

1 9 , s 
^ 3 , 7 

5S,4 

2? ,5 

17 ,3 
? U 1 

18,0 

at,s 
2 3 , 1 

2 0 , 2 

i « . ? 
1*9,1 
185,0 
17,1 
| f l ,n 

1 6 , S 

17,7 
tb,h 
15,6 
1 9 , 3 

16,fe 

Mf AN 

STD, OEV^ 

? 1 , 2 MPA 
( 3 0 7 0 ^ P S T ) 

f 3 6 2 , P S n 

1 7 , 7 MPA 
( g S 6 2 , PST) 

1,ft MPA 
( 2 2 6 , PST) 
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TABLE n - 6 (Continued) 

FLFXIJR&L PROPEPTtFS OP HLM GRAPHfTE 

LOT MO, 567 
LOG MO^ 6aBa-7M 
LOG DF^iSTTY «» Ma/M*#3 

SPEC, 
SPEC, 

O I A , 
LENGTH ^ 1 , 

MH 

MM 

«!PFCIMFN 
MIM«eP 

1 A 

IB 

i3RTFNT«. 
ATTON 

o on ̂  SB s 

7 
9 
13 
15 
19 
31 
35 
3Q 

41 
45 
1^3 
165 
16^ 
I7t 

175 
IRQ 

1*̂1 
l<?5 
1^7 
?ftl 

9 SB ® K! ̂  ' 

OAD 
RAD 
PAD 
PAD 
aAD 
f?AD'" 
»AD 
PAD 
»AD 
PAD 
PAD 
PAD 
PAD 
RAD 
RAD 
RAD 
qAD 
PAD 
RAD 
R&D 

LOCA-. DFN'STTY 
TIOM (MG/""**'?) 

fcC 
EC 
EC 
er 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
ec 
EC 

. ec 
EC 
EC 
EC 

MODULUS OF 
RUPTURE (MPA) 
CUNCOR^ECTfD) 

19,.1 

2«,6 
2a,7 
18,0 

23,b 
?o,a 
32,R 
22, rt 
23,3 
22,1 
18,? 
f5,« 
20,7 
22,2 
19,? 
as.G 
32*fe 
2?,ft 
21«7 
17,3 

FLFXUPAL 
STRfclV'GTH (MPA) 

(CORRECTED) 

1 6 , S 
2 0 , 1 
? 0 , ? 
15, f t 

17,a 

1 « , 6 
I S , 9 
13,R 
1 7 , 7 
I P , 6 
l f e , 6 
i a , 9 

l « . 9 

I P , 3 
1 5 , ? 

HFAN 

S i n , DEV, 

a i , 2 MPA 
(SOe f l , PST) 

2 , 5 MPA 
( 1 7 0 , PST) 

17^9 MPA 
(?S9a^ PSI) 

1,7 MPA 
C 2 5 1 , PST) 
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TABLE n - 6 (Continued) 

FL£^U»AL PROPFWTIFS QP Hi,M GSAPHfTf 

LOT NO, 367 
tOG MD_g bJ4^am7^ 
LOR nENSl'TY - « 

S P E C , O I A , 
SPECt LENGTH 

MR/M**3 

6 , a MV 
51 a MM 

SPECIMEN 
NHMPF P 

0RIENT«» 
AT TOM 

LOCA^ DENSITY 
TinM (Mfi/M**1) 

MODULUS OF 
RUPTURE (MPA) 
(ijNCOffPECTEO) 

PLFXL!R&L 
STRENGTH (MPA) 
(CORRECTED) 

hh 

hH 

423 
427 
429 
433 
u35 
aaQ 
453 
455 
4 5 9 
4 6 1 
553 
«lS7 
SS9 
S63 
565 
570 
?83 
S«5 
^09 
591 

»AD 
RAD 
RAD 
PAD 

ffA0 
RAD 
RAD 
RAD 

9 A 0 
RAD 
PAD 
RAD 
RAD 
R&D 
RAD 
RAD 
PAD 
PAD 
RAD 
R&D 

^LE 
Hi F 
HLE 
^LE 
^LH 
f^LE 
HIE 
MLE 
f^LE 
^LE 
«LE 
^LE 
"^Lfi 
Mte 
MIE 
MLE 
^ J & 
Ml E 
WLE 
MLE 

MEAN 

STDs OPV, 

? 3 , 7 
? 0 , 3 
2 « , « 
l f i , 5 
? 4 . S 
? o , 8 
2 3 , a 
2 3 , 0 
2 1 , 7 
2 1 , 5 
2 1 , 5 
I B . B 
? 5 , 9 
1 9 , 1 
2 ? . 6 
2 1 , 0 
l«».'4 
2 P , 9 
1 ^ 7 

??,a 

2 1 , 6 
C3126 , 

a. i 
( 3 0 1 , 

' ® ^ «B B8 »fi!9 5 

MPA 
PST) 

HPA 
PST) 

J ^ , ? 
1 7 , 1 
1 9 , 4 
1 6 , 0 
1 9 . 7 
17,«5 
I B . O 
i e , « 
1 6 , 0 
17,Q 
1 7 , 9 
I f e ,? 
2 0 , J 
1 6 , 4 
I R , 6 
1 7 , ^ 
16 ,S 
1 7 , S 
l f e , 1 
1 « , ? 

1 7 , 9 
( ? 5 9 3 , 

1 ,3 
{ 1 8 5 , 

MPA 
P S I ) 

MPA' 
P S I ) 
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TABLE n - 6 (Continued) 

FLFXy^AL PPOPEPTipg OF HLM GPAPWfTp 

SPFCTMF^ 
N U M ^ E P 

hh 

hB 

LOT 
tOG 
LOR 

' iMPt 

»mmmmm 

S67 
6 4 f t a » 

; DENSITY 

f lRlFIMT*. 
ATTOK. 

371 
,75 
^77 
1«1 
3^5 
-^97 

4 0 1 
4 0 3 
4 07 
40Q 
50 1 
S 0 5 

^ 0 7 
S H 
^ 1 3 
5 2 7 
C.31 

S33 
S17 
539 

t » IM • • •> • 

RAD 
PAD 
PAD 
RAD 
RAD 
O&D 
RAD 
9&D 

PAD 
a^D 
RAD 
R&D 
RAD 
PAD 
RAD 
RAD 
PAD 
PAD 
RAf! 

RAO 

L O C A ­
T I O N 

MLM 
MLH 

MLM 

^L^ 
HLM 
MLM 
Ml H 
rt| M 

ML^i 
MLM 
MLM 
HLU 
ML^' 
niH 
MLM 
HLM 
MLM 
MLM 
Ml M 
MS.M 

m-mmmtm!mmim^f 

7f l 
Mp/» 

DEMSITY 
CM0/ , v | * *X ) 

re»e!!fii^H%is»^^««ee^ 

SPEC* D I A , 
SPFCt L F N G T H 

w<**3 

MODULUS OF 
RUPTURE CMPA) 
( U N C O R R f C T F D ) 

?o«5 
23 ,1 
?? .1 
2«.o 
15.3 
!6«5 
1 8 , 6 
21 .3 
19 ,3 
2 3 . 5 
2 U 7 
1 9 , d 
2 5 , 1 
2 0 . 3 
I 7 ^ f e 

2 0 , ^ 

2a\o 
23 .2 
22.5 

m 

ft ^ 4 MM 

51 » l^H 

FLFXORAL 
STRENGTH (MPA) 

( r O R R F C T g O ) 

1 5 . 0 
1 7 , 4 
1 9 , n 

I B . 4 

l « . 5 
13.7 ' 
1 4 , S 

I fe t * ) 
1 7 , Q 
1fc«5 
t 9 « l 
1 ^ . 1 
16«H 
1«^.0 

17,? 
15.3 
1 7 , ^ 
! « . 5 
19 ,1 
! «« fe 

MfftN 

STD, DPV, 

2 0 , & MP4 
f ? 9 8 9 ^ PST) 

2 . 5 MPa 
f 3 6 5 . PST) 

17^4 MPA 
( 2 S t 7 « P S I ) 

1,7 MPA 
( 2««5, P S I ) 
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TABLE n-6 (Continued) 

FLEXURAL PROPERTIFS OF HLW SRAPHlTF 

LOT Nn« 367 
LOG ^0^ 64fl_4«.7B 
LOG DFNSITY --

8PEC« 0IA« 
SPEC, LFWPTH 

MR/M**5 

6,4 MM 
51 » HM 

SPFCTMFM ORlFNT"- LOCA- DfMSTTY 
MtfMBfP ATTON TIHM fHG/M*«^^) 

MODULUS OF FLPXUPAL 
PyPTURF fNPAl STRfKiGTH (MPA) 
.CUNCORWECTED) (CORHECTfD) 

hA 

ha 

6H 

3I«̂  RAO 
321 paD 
3^5 RAD 
327 RAD 
UJ R̂jn 
345 RAD 
3«7 R_AD 
SSI RAD 
353 RAD 
357 RAD 
4.7J RAD 
473 RAD 
475 RAO 
477 RAD 
481 RAD 
«83 RAD 
4«5 .RAD 
487 RAD 
489 RAO 
493 PAD 

MEAN 

^LC 
MLC 
MLC 
Ml C 
MLC 
HLC 
MLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
î Lf 
•*!LC 
MLC 

STD, DFV, 

2 4 ^ 9 
t f t«7 
19,? 
I S , 4 
M ^ . ^ 
2 l « t 
2?«1 
? ? . 7 
l P , t 
19«9 

dui 
i?.7 
?1«5 
? 3 . 6 
l f t « l 
23«7 
2 U 0 
1e«2 
22,3 
1^ ,4 

2 0 , 6 
( 2 9 8 4 , 

3«1 
( «^ft« 

MP& 
P S I ) 

MPA 

PST) 

? 0 . 3 
14 ,H 
t(S,7 
13 ,P 
2 0 , R 
1 « , 0 
l««fe 
1*?«0 
1^«9 
1 7 , ? 
I B , | 
\9^0 
I 8 » t 
1 9 , 6 
16«0 
l^»t? 
1 7 , ^ 
t 4 « 4 
t « « 7 
13«« 

1 7 , 5 
C?S39« 

2«1 
( 30 f t , 

MPA 
PST) 

MPA 
PST) 
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TABLE 11-7 

COMPRESSIVE PROPfRTItS 0^' HtM GRAPNITi 

r NU, 
LOG NO, 

367 
6484. 

LOG etNSITY -

SPg^IH^N ORTENT-
NiUMB|_i 

iAC 

IBC 

UC 

liC 

mmww^^^ 

R ATiON 

fe 6C 
r 6C 
tioc 
EI?C 

tl02C 
fclOaC 
EHJ6C 
E108C 

E m 
E23B 
E25i 
E29B 

E1115 
tll5B 
E119i 

AX 
AX 
AX 
AX 
AX 
AM 
AX 
AX 

^ ̂  ^ ^ ^ W 

MEA^ 

STD, 

«AD 
RAO 
RAP 
RAO 
RA.P 
RAO 
RAD 
RAD 

LOCA-
TION 

£C 
EC 
EC 
EC 
EC 
EC 
EC 
tc 

i 

, DEV, 

EC 
EC 
EC 
EC 
££ 
EC 
£C 
EC 

8PtC 
IB SPEC 
^m H 5 / M * * j 

DENSITY YOUNCS 
( M G / M # * 3 ) M 0 O U L U 8 

CSPA) 

"""""*"'"*"sir"" 
«.T 
a,9 
5,5 
S.5 
5,5 
«,S 
5,1 

" ' " ' ' * " - " - — 

12,S 
;, LENGTH 25, 

PgRM« 
AN|NT 
SfcT 
CPCT) 

,200 
,?29 
,?10 
,?00 
,200 
,200 
,230 
,200 

' ^^ (i© w w ^^ w 

,208 
C ,l« MP8I) 

,« .013 
C ,05 MPSl) 

5,8 
6,1 
6,3 
^•2 
6,1 . 
5,2 
S»7 
5,8 

,1S0 
,180 
•SOO 
,190 
,190 
,iio 
• 220 
.210 

rRAC" 
TURE 

STRAIN 
CPCT) 

8,371 
?,53^ 
a,5S9 
2,148 
a,201 
2,331 
2,377 
l,9bS 

2,310 

.lf9 

2,370 
2,327 
2»252 
2,073 
2,040 
2,253 
2.17t 
2,288 

MM 
MH 

COMPR, 
STRENGTH 

CMPA) 

37.9 
38,9 
18,7 
17,« 
3«,5 
38,4 
38,7 
36,2 

SS,1 
C 5524,PSI) 

.9 
C 133,PSIl 

ua.S 
m»i 
«2,S 
«2.2 
«1,9 
42,1 
«2,8 

M6.AN 

8T0a DEV. ^1 .015 .116 
( .05 MPSIJ 

43 ,0 
( 6 2 « 1 , P S D 

l . i 
( 15a ,PSI ) 

11-48 



TABLE n - 7 (Continued) 

COMPRESSIVE. PROPfRTII .8 Uf HtM GRAPHITE 

LOT NO, 367 
LUG MUs hUHUmlb 
LOG DfeNSITY mm M 6 / M * * | 

SPEC. O I A , 
SPEC. L L N G T H 

1 2 , 8 MM 
2 ^ t ^^ 

SPtCI'^'E'^ 0 » T t N T « 
NUMBfck ATION 

89 W SO W ® Wf B 

1A¥ 

^ t^St m S9 9 ^ 

U T 

IBV 

0 S9 ra ̂  SB ^ a 

SJnc 
eiac 
t4?C 
UhC 

Eiiac 
6UftC 
t ! 26C 
E130C 

pWBStnes^^ 

E43B 
laiti 
t S l t t 
EfelB 

EI51B 
E1S5B 
ElsqB 
£16<I8 

4« 
AX 
Ax 
AX 
A)( 
AX 
AX 
AX 

MEAK 

STD, 

p SB ^ W ^ ^ 

RAD 
RAU 
RAO 
RAD 
MAD 
ftAU 
RAO 
HAD 

» ffll !SS 889 S i «f 

LOCAm 
TION 

EM 
tM 
fcM 
| .M 

t ^ 
f P . 
f M 
EM 

1 

UfV, 

EM 

EH 
I.M 
EH 
EH 
EM 
LM 

DENSITY VQUNGS PERM* 
C^iG/M#*J3MO0ULU8 ANf.'^T 

C6PA) 

— * - - - • 

5 ,6 
5 ,1 
J .9 
5 , 1 
5 .7 
5 ,2 
«,5 

5 , 0 
C s7J 

C «0P 
iffiB %B Aft ma aoa ^& tSA fffifi fiBa SS <8b l l% sm Rffii ^ 

6,1 
5 ,9 
5 ,5 
b,5 
5.6 
5 ,5 
5 .5 
5 , 1 

SET 
CPCT) 

,210 
t l 9 0 
,180 
i 2 l 0 
.200 
i t e o 
, 2 0 0 
, 2 0 0 

, 1 9 b 
H P 8 D 

, 0 1 2 
MPS!) 

, 1 5 0 
, l 9 f 
t 2 0 0 
, 1 7 0 
,220 
,?10 
,200 
,210 

PRAC 
TU^E 

STRAIN 
CPCT) 

1,891 
I . 7 3S 
a,010 
2 i | 5 7 
1.85^ 
2 ,102 
I , b 9 1 
2.U15 

1,99? 

,140 

2 ia34 
2 t B « 
2 ,484 
U 7 7 0 
2 .193 
2 .276 
i s 9 S 5 
1,812 

COMPt^^ 
S T R I N C T H 

CMPA5 

3«,6 
35,0 
Sfe.T 
3S.6 
35,8 
37.1 
3a,5 
J 2 . ^ 

35,0 

i t ? 
C 2 1 2 , p s n 

a 3 i 6 
«f , 7 
42 ,6 
aO«? 
^ I . i 
a i , 7 
19,b 
37,7 

i^fcAN 

9 T 0 , aEV, 

5 , 7 . 1 9 5 2 , 1 1 4 
C ,Bi HPSI ) 

. a , 0 2 ! t 2 « a 
C , 0 6 HPSD 

a i , o 

1.8 
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TABLE n - 7 (Continued) 

CC1MPRES8IVE Pf^GPflRTIES UP HLM G^APHlT t 

LOT Nfl^ 367 
LOR NOg fett8a»7B 
LUG nfc'^giTY ^«. MG/M,^*3 

SPEC, OIA, l^,8 HM 
8PEC« LtNGTH 2S, HM 

SPFCl'^f'^ ORTFNT^ iOCAs. DENSITY YuUNRS Pg«M« p.RiC- C^MPR, 
MUHBER ATION TIUN (Hy/M*#3)^oDULU8 AivINT TUf*l STHtNeTH 

C&PA) SET STRAIN (MPAJ 

lAe 

lit 

EfeOC 

E7?C 
E76C 

tiaiiC 
£!«RC 
E156C 

AX 
AX 

AX 
AX 

AX 
Ax 
Ax 

eitooc AX 

IE 
EP 
U 
tt 
ft 

If 

te 

6.9 

7.1 
6,5 
6.7 

,200 
,180 
,175 
,lfcO 
.180 
,170 
ii90 
,!7U 

1,735 

1.617 
l.saj 
1,^07 
1,878 
1,931 
igbfel 

38,3 
« 1 , 0 
3 7 , 7 
3 9 , f l 

SO,2 

M t A N 

STU, DRV, 

to,7 , 1 7 8 l , 7 fe5 
C , 9 $ M P S n 

. 3 , 0 1 2 , 1 « 6 
C ,0S HPSI1 

3 9 , 8 
C S 7 7 7 , P S U 

{ 2 1 1 , P S I l 

l ^E 

IBE 

L79B 
E83e 
E8 7P 
E97B 

E187P 
E19 1B 
F195B 
E2C5B 

PJAP 
RAD 
PAD 
RAO 
RAP 
RAD 
RAP 
RAD 

EE 
EE 
EE 
EE 
EE 
EL 
EE 
EE 

5 . 6 

5 , 1 
5 , 5 

5 . ? 
5 . 6 
t , 6 

»ZIL: 
e i 9 n 
,22C 
. 162 
. 2 Q U 
.21C 
, 2 0 0 
. 2 3 0 

2 ^ f f 8 B 
1 ^8C1 
1 .877 
? .65G 
2«««71 
2.«46fc 
2 . 4 b 6 

1 K 6 
4 l . S 
3 7 , 3 
3 9 , 1 

4^2.7 
4*4 «2 
4 1 . 6 

MEAN 5 « 3 » 1 9 7 2 . ^ 1 B 
( . 7 7 H P S I ) I 6 0 ^ 3 , P S I ) 

S T D , DEV . 3 , 0 1 7 » 3 0 9 
( . 0 5 M P S I I 

2»4 
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TABLE n - 7 (Continued) 

COMPRESSIVE P k 0 P | . R T | t S Of HLM GRAPHITfe 

LOT >m, 167 
LOG NU, 6aB4»®78 
L 0 « UfeNSITV mm HG/M**3 

SPEC, U I A , 1 2 , 6 MM 
MM 

SPfcClMiN nRIENT«. tOCA® rJtNSlTY YfjUNGS P E R M ^ FRAC* 
NyMBfcR ATHiiv TION ( ^ G / M * * S) MtiOyLuS ANEf^T TyHf 

( G P A ) S F T 8Tf>r4TN 

6AC 

bBC 

M|OC 

M|^C 

M9ac 

AM 

AX 
AX 
AX 
AX 
As 
AX 
AX 

MIC 
MLC 
^LC 
^Lc 

•^LC 
MLC 
MLC 

a,7 

5 t 7 
5 , 0 

^08 0 
, 2 0 0 

• OilO 
. 1 8 9 

1,&09 
1 ,787 
l , 99 to 
1 ,90b 
2 . 2 9 y 
U807 
li277 
1,350 

COfiPR̂  
STRENGTH 

CMPA3 

.15,5 

17.5 
18,3 

37,3 

32,« MEAN 

STO, UgV, 

5,3 ,l«a 
c ,77 MPsn 

.6 .070 
C ,09 MP8I3 

l,7S0 ib,l 

&AC 

68C 

M 5H 

M138 

HlllB 
H1178 
Mlgia 
HOlB 

WAD 
t̂ AU 

RAO 

RAD 

RAD 

HLC 

MLC 
MLC 
HLC 

to.O 

fe.t 

5.« 

,160 
,180 
,150 
,170 

ti70 
.180 

1 ,917 
1 ,698 
1 ,929 
UB2i 
2 , 2 3 0 
U79a 

1,735 

a U 8 
«1,0 
«i ,e 

3 6 , 9 

rtt^N 

STOg UtVs 

5 , 9 , 1 7 9 U 9 3 4 
C . 8 6 MP8I ) 

, « , 0 1 7 , 1 7 1 
( »Q5 MPSl? 

C 5 8 7 0 , ^ 8 1 3 

1,6 
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TABLE n - 7 (Continued) 

COMPWtsSlVt PWOPfRTlfcS Of HLM GHAPHITt 

LOT 1^0, 167 
LOG MO, tiUBtimJB 
LOG OfcNglTY .P- M&/M**3 

SPEC, DIA, 12,8 MM 
SPEC, LENGTH 25t HM 

ap^( ; |MpN O H f f N T " 
MJMBfci 

0AY 

&BV 

feAY 

bBI 

^mmm^m^ 

•4 ATION 

HiOC 
M5aC 
•̂ asC 
^afcC 

M112C 
^ l l f e C 
^12«C 
Mi2«C 

*1<I3H 
Ma7B 
H5 iB 
M^IB 

M1518 
Mig5B 
M1596 
Mife98 

AX 

AX 
AX 
AX 
AX 
AX 
AX 
AX 

HE AM 

STO, 

R A U 

^AO 
«A0 
«A0 
HAD 
RAD 
RAO 
RAP 

I Oc A •• 
TION 

l i LK 

MLM 
HLM 
ML*^ 
^̂ LM 
MLM 
M|__M 

ML^ 

DEV, 

HLM 
M ^ M 

M^M 
MLM 
HLM 
MLM 
" I H 
MLM 

nEKjSITV YOUNRS i pg;RM» 
(MG/M**3)Mi jDULU8 ANfNT 

( f iPA) 

7 , 1 
5 . 6 
6 . 1 
5 , 2 
a.a 
e « l 
5 , S 
5 , 8 

5 . 7 
C , « 1 

. f l 
( . 1 2 

5 , 6 
6 . 1 
5,«» 
6 , 1 
1 . 6 
S , l 
5 , 6 
5 . 8 

SET 
CPcT) 

, 1&0 
, 1 8 0 
, ! 6 0 
. 1 8 0 
,iiQ 
, 1 8 0 
. 1 9 0 
, 1 8 0 

, 1 8 ! 
HPSI ) 

, 0 l « 
HPSI ) 

, iao 
, l d O 
. 1 8 0 
, 1 7 0 
»2Q0 
, 2 0 0 
, 2 1 0 
, ! 7 0 

9 ^ w ^ * » s e g p 

TU»| 
9T«AIM 

(PCT) 

l , 9 t 0 
l , i a 7 
i , 6 5 8 
1.9(16 
t , « 8 6 
1 ,749 
1 .406 
t , « 6 9 

1 . 6 2 1 

, 2 5 0 

i , i t i t 
2 , ^ 2 6 
2 , 1 0 « 
ItSfefe 
2 * l l l f e 
2 , 7 5 1 
2,<I27 
1 , 9 « 1 

fOMPR, 
SIRtNGTH 

CMPA} 

i l O , l 
5 2 , 8 
3 6 . 7 
3 7 , e 
31,# 
37,? 
iZti 
3 « , 6 

3 S , a 
C 5 1 3 0 , P S I ) 

3 . 1 

as,2 
an,a 
a f l ,5 
a t , 9 
«0 ,5 
«i2,e 
«2 ,b 
40 ,8 

MEAN 

gir), DEV, 

5,8 ,IBU i^2b^ 
( .81 MPS13 

C ,06 MP8I) 

«2,6 
( 61T5,PSD 

l.S 

C Zlfe.PsI) 
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TABLE 11-7 (Continued) 

COMPHtSSIVE PROPERTIES OP' HLM GRAPHITE 

iO? NO, 367 
L O R N O , isUl^UmlB 
LOG OtNSITY ••• MG/M**3 

SPfeC, D I A , li^B MM 
SPEC, L t N G i H 25« ^M 

S P t C I ^ ' f N ORIENT* LOCA» DtNS lTY VOUNGS PfH^m f kAC«» COMpR^ 
NUMBtR ATIOtv' TION C M 6 / M t » 3 ) MyOuLuS AM^MT TljRE STRENGTH 

C G P A ) SET 8 T » A l ^ C ^ P A ) 

CPCT) (PCT) 

l»At 

feBt 

M60C 
HbUQ 
H72C 
^ 7 f C 

M|«feC 
•^iSaC 
MISPC 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

ML£ 
M L t 
MLE 
MLfc-

MLt 
HLfe 
MLfc 

7 , 2 

6 , 7 
7 . 3 

7 , 0 

, 1 8 0 
, 1 t o 

. 1 5 0 

. 1 7 0 

. i 8 a 

l , f e3b 
1 .659 
1 .978 
£ , 0 1 2 
a , 0 3 0 
1 .714 
1 ,712 

3 8 , 6 
S 9 , 9 

••ifeAiSi 

8 1 0 , DEV, 

7 , 1 , 1 6 5 l , 8 f t l 
c i t O j M P s n 

, 7 ,02 f t , 2 0 0 

« S , 1 
C S95B,P$l) 

^A£ 

691 

M79B 
N83B 
MgiB 
M978 

MieiB 
M|flB 
Mi95H 
M205B 

RAD 
RAD 
RAD 
HAD 
HAP 
RAO 
RAD 
RAO 

HLt 
MLE 
ML£ 
MLi-
MLE 
L̂E 

**U 
Hie 

5 .9 

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

. 5 0 0 
, 2 0 0 

. 1 8 0 

, 2 2 0 

2 , 7 U 
2 , 4 7 9 

i,JBQ 
2«b77 
2 * 6 2 4 

a 5 . * 

tt«t7 
« 5 , 7 

4 1 , 7 
4 « , 3 

MEAN 

STDs O e v , 

5 , 9 , 1 9 5 2 , 5 0 0 
C t 6 5 HPSD 

, 2 . 0 1 5 Abb 
C , 0 1 MP8D 

aa^7 

( 1 5 U P 8 I ) 

n - 5 3 



TABLE n-8 

THERMAL CONDUCTIVITY OF HLM GRAPHITE 

LOT NUMBERI " 106 NUMBEHI 6«8a-78 

ORIENT LOCA^ SPECIHEM THFRMAL CONDUCTIVITY (W/M^K) ATI 

TATION TION NUMBER 
295K a73K 673K 873K 1073K 
(ZiC) (200CI (aooc) (600CJ (sooo 

M«.90A 
M-90B 
M.90C 
H-90D 
M«9oe 
H-90F 
M-906 
M-.90M 

MEAN! 

STD, DEVI 

134,9 
i aa^2 
104^2 
l t t , 6 
131,4 
123,0 
119,0 
125.2 

12.9 

113.1 
127,9 
107,2 
119,1 
tlb.B 
115,6 
101.5 
l i 2 . « 

l l « , i 

7 ,8 

9 5 , 3 
i o a , 7 

8S.8 
100,2 

95 ,9 
93,to 
80 ,6 
8 9 , 1 

. .„.^.« 
7.8 

77 ,9 
B9^b 
70^8 
7b .3 
77.b 
77,7 
b6«3 
7 U 0 

75 .9 

7,0 

66 ,6 
77 .7 
59 ,4 
62 t« 
66 ,2 
hb,b 
56 ,0 
6S,2 

S fip ̂  ^ 8P ^ 

<>5t0 

b,a 
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TABLE 11-9 
MEAN STRENGTH VALUES OF GRADE PGX GRAPHITE (LOT 805-3, LOG 6484-112) 

(MPa) 
Axial 

Slab 1 

EC EM EE 

Slab 6 

MLC MLM MLE 

Slab 12 

EC EM EE 

Radial 

Slab 1 

EC EM EE 

Slab 6 

MLC MLM MLE 

Slab 12 

EC EM EE 

Tensile 

10,5 

+2.0 

11.1 

+0.5 

11.4 

+0.6 

10.0 

+0.7 

10.9 

+0,7 

11,4 

+0.6 

9.1 

+0.9 

9.1 

+0.6 

9,4 

+0.6 

9,6 

+0.7 

10.2 

+0.8 

10,9 

+0.6 

9.2 

+0.8 

10.3 

+0.7 

11.0 

+0.9 

8.9 

+ 1 .1 

8.1 

+ 1 .4 

8.8 

+0.9 

Compressive 

44.7 

+0.9 

43.9 

+2.8 

45.7 

+1.6 

41.7 

+2.2 

44.8 

+2,0 

45.5 

+1.9 

41.7 

+0.8 

40.3 

+ 1,9 

40,7 

+2.1 

42.2 

+2.7 

41.1 

+2.8 

42,5 

+ 1,5 

40.2 

+2,2 

41 .8 

+1.5 

43.3 

+ 1.7 

40.2 

+ 1.4 

39.1 

+ 1.1 

38,3 

+ 1,8 



TABLE 11-10 

TEN31LI P«UPE»T1|S OF PM GRAPHITE 

Î OT Nq_̂  fl05*1 
LOG ^iC', 6 4 a a » i l 2 aPFC, l£N6TH &3, HM 

nRlEi^T' LQCA* 0£N3IT¥ YOUNftS PgRM- F»AC- TENSILfe 
TION C«J/H**1)M0QULM8 Anm\ JURE |TR£NfiTM 

CGPA) Se? STRAIN (MPA) 
^ .^^-.^ LECH IPCXJ ._^ . „ „™. 

uc« 

tBC-

•e* loA 
• 12* 
• 2|A 
• 3<|A 
• 06A 
- 08* 
. lOB 
• l?8 
« 1«A 
• goB 
- 2?B 
• gllf 

"l-lOfeB 
••1088 
• 9UB 
m 9ftrt 

• t02A 
mlUUg 
•lOfeA 
•108A 

iac»i- 9oA 
• 938 
fl 9aA 
• f§A 

AX 
AX 
AX 
AX 
AX 
AX 

AX 
Â  
AX 
AX 
AX 
AX 
AX 
Ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

JC 
ec 

II 
EC 
fC 

i t 
IC 

|C 
"£C 

1̂  
EC 
ec 

EC 

-If-

1,787 

1,785 

1.178 
1*776 
1,774 

h,4 

.027 

,010 

,022 

.213 

.212 

,21» 

10,5 

l e .s 

12,0 
11 ,« 
11,0 
9 ,9 

10,6 

ii,o 
10,& 

3 , 1 
10,a 
11,7 

11 ,8 
1 1 , f 
11 , J 
L2t0 
11,S^ 

-Hfr 
MEAN" i.78r "M "̂".'aŝ  \2Qt 

8T0t OEV. ,§0S ,S .ClOa ,020 

10,5 

2 ,0 
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TABLE n-10 (Continued) 

TENSILE PWOPfcRTIES OF PSX GRAPHITE 

LOT ND« P05-3 8PtC« OIA, __ l 2 ^ d HH 
I OG NO, 6 4 f l « « | l 2 SPgCi lf.MGTH 6 3 , MM 
LOG DfcNSITY Ig , ! ^ H 6 / M * * 3 

SPECl^R'^ 0 » I | N T - LOCA« DENSITY YOUNQS PERM* FRAC"^ TfNSILE 
NUMetR ATiON T i r^ i cKQ/Mt#S)HOoULU8 AN£NT TURt STk^^eTH 

CGPA) SET STRAIN {MpA} 

12AC««B» loB AX EC 1 , 7 8 6 b^Q ,025 ,188 
• - - •• - - • " - - 5 ,7 . o i l ,197 

» lOB AX 
«• 128 &X 
- 22B ^^ 
•» 2aB AX 
^.Q6A AM 
«» O^B AX 
• lOA AX 
« 1?A AX 
m laA A^ 
» 2PB AX 

• a«A AX 
«» 9l|H AX 
«» 96B A^ 
«106B AX 
- I 0 8 B AK 
» flfeA AK 
«. 90A AX 
« 9aB AK 
m 9uk AX 
«IOfA AX 
mlQuU AX 
« ' I 0 6 * Ax 
•»i08A AX 

EC 
EC 
tc 
£C 
fcL 
£C 
tc 
EC 
EC 
tc 
n 
EC 
fcC 
tc 
EC 
IC 
IC 
feC 
EC 
EC 
6C 
EC 
EC 

1,786 
U 7 7 7 

um U 7 7 5 

— -_ 

i ^ T ^ I 

um U 7 8 ^ 
U 7 7 7 

7^1 .C22 ^ 1 5 ^ 
&»« ,010 t209 

li^CmBm qu» AX EC 1^7^ i 6 4 I ^ O j l j _ l 7 | 

5 ,9 ,010 , 2 0 J 
iaHC«»R» - - -

MEAN I 7 T 8 3 6,8^ " ,027 ; | 8 5 

™ . 8T0 j OEV^ ^0<51_^__ ^5.^ iJOS 1.019 

c ;oi Hpsn 

8,ft 
8 ,8 
8^7 
^ . 0 

. 8 ^ 7 . 
8 ,2 

10iO 
9,7 

10,0 
^ , 0 

, - . I s ^ . 
10,1 

fltS 
9 t t 
8 .5 
^ . 0 

10,2 
10 ,2 

7 .6 
f«fc 
fetS 
9,0 

-? i2 _ 
9, f l 

^ , 1 
c iS iT i^sn 

.. l i _ , 
C IZTsPSI) 
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TABLE n - 1 0 (Cont inued) 

"1EMSILt PROPE R T I E S • OF" fOt """'GRAPM111 

LOT NO. 8 0 5 ^ 3 _ SPEC, D I A , I S , 8 MM 
LOG m'imBUmiii S P C C ' L E N G T H ' • 53", MM 

_„XOG.OE^JSIT,1., ,1,.7J MG/M**1.„..._ .,._ ,̂.,_„.., 

SPECIMEN ORIff̂ T-- LOCA» DENSITY Y0UN6S PERM. FRAC* TENSILE 
M)MB£R ATjOM TlON CMQ/H^*31M0QUtUS AN^NT TURE STRfNfiTH 

C6PA) 3|;T STRAIN CMPA) 

^ ,_ .,_̂ ... ™ ......^.^.im.ll 1££I,) 
lAC^f* 11 RAO EC ti779 6,7 ^1.9 ^lld 9,5 

^ 27 RAO EC 1,779 7,0 ,017 ,lbQ 0,3 
• 11 RAD EC 1 , 7 7 9 6 , Q , 0 2 1 ^ 1 8 0 j O ^ g 
• 07 «AD IC 1,7«« i ! 7 a 9 ,7 

_ , .^...0.5.,. lAfi E£... ..„.,„. . i ^L ^11.^ *i87^ ..... 9^e 
m 09 RAlJ EC Q , 3 
• „2J HAD EC «»,9 
• 25 RAU EC 7,8 
^ 29 WAO EC « ,3 
- 03 RAP tt 9 ,6 

l H C ^ f » H S RAO IC i j 7 7 0 feti „ j J ! | 5 ^ i i » 5 9|<> 
«^ll"t RAO • I c " I,'772""""' '""ft,5 •••"••• ,021 ,192 " 10,0 
• 133 RAO EC i j 7 7 2 6^8 ^Olp ^ 1 7 5 9 ,6 
•137 RAO IC i . 7&9 6 ,6 ,022 , 1 5 1 l^^b 
• I I ! «40 6C % 5 
«»il5 RAO EC 1 0 , 1 

• I S ! RAO EC « . ^ ' 
- 1 3 5 RAO EC „ I 0 j 3 
• i S f -RAD " I C ~ ' " " '"•" ~"" 10 ,2 

U 7 7 6 6 ,7 , 0 2 ! ,17& 9^6 
.L.ilI^yPJJ.L™ « iJi^tPf.I) 

_ , | ,002 j 0 l 3 ,7 
I ,0S MPSTT " C 102,PSI ) 
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TABLE 11-10 (Continued) 

TFNSILE "PROPfeWTIpS OF " P6X 6"RAFHltE" 

LOT NU^ 8D5«»5 SPlC ^ DIA^ ! 2 , 8 ^M 
LOG NO, l5<tJ8a*ll2 SPECg LfcNOrH 65« MM 
LOG DfcNSITY 1,78 MK/M#*3 

SPECI^E*^ pHltNTi* LOCA- OfcNalTY YOUNaS PfRM* F R A C * TgNSlLfe 
MUM îtP ATION T|ON CMQ/H<*<»3)MOpUiU8 AN^NT TORg- S T R E ^ Q T H 

(RPA) SET 8TWAIN CNPA5 

^ 09 RAD fcC 1,782 7,a ,0^0 ,IS^ «87 
- 27 ^AO 6C S,77e 7,! ^"23 tisy 8.3 
<* 01 RAO EC 9,^ 
i» U7 RAO fcC _ 9,5 
•* n HAD feC 7s« 
•̂  21 M P tc ft.8 
• 2% PAD fC 8«fc 
'i' 8^ HAD EC §,5 

j2BC*8*Ht ^AD fcC 9^1 
• !l«l «AD EC !0t« 

•129 HAD tc fetJ 
^1S5 f̂ AO EC 9,5 
^137 RAQ EC 7,5 

i 2 H C » 8 » ! | | WAD EC U 7 8 0 7^0 #02! «1<I9 8g« 

- I S t «^0 E.C l , 7 7 d 7 ,6 ,')i3 ,IB7 10,S 
«13^ RAO EC l , 7 7 « 7,7 ^ 0 1 ^ , i « 0 10,b 

MEAN 1^777 7,11 ^Qii ^165 «^f 
( l t 0 7 HPSI) C l 2 9 2 s p S n 

(_ .OS MP8D C 159,P8!5 
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TABLE 11-10 (Continued) 

Tl-NSILE PROPERTIES Op' ^SX Q R A ^ H I T I " 

LOT NU, SOS-^J 8PEC« OIA, ta^8 MH 
LUr; NO, bUHU^iti s ^ E C , LENGTH ^ 3 ^ MH 

LOG ufNSlTY j,,78 M|/M#*|__ 

SPECIMEN O R I E M T ^ H J C A . PtNSlTY YQUNGS PE»M^ FRAC* T E N S U E 
NOMBtR ATION TION (He/M^*!) MODiJiUS ANENT lyRt STRENGTH 

CGPA^ 8|T S T R A I N (MPA) 
(Pel) lECTJ ™ 

UY.E-JOB ^X t'̂  U771 b^2 ,025 ^237 If^s" 
• 5«A AX EM 1,772 b,ti ,029 ,223 10,fe 
• «68 AX t" U77« fe^O ,026 ^222 10,3 
«» 5Uk AX tM 1,769 6,1) , 0 « ,231 10,b 

• 3«B AX EM " 11,0 
- i»?A AX feM 10,7 
m U^B Ax EH ll̂ fl 
«« «6A AX t>̂  11,0 
" 5«8 AX E'̂  lf,4 

^9^*f^UM A^ ê ^ 1*773 6,3 ^020 «23f 11,7 

"1508 AX tM 1^778 6^3 ,f)2S ^gSft 11,0 
* U 8 A AX EM 1^779 fe,a ^^gg ^ g g j U ^ 
• t U A AX EM _̂  ^ 1 1 ^ ^ 
• i i a S AX EM "̂  10,5 

-126B AX EM . - . - ^ | | t | 
^ l |OA AX EM U ^ 3 
^ I S f t i AX t̂ < 13,0 

^ t ^ N i , T 7 i | d , 2 ,oa« ",230 l l " , l 
_. „ _ „ ^ „ „ .. _ ^ t.?^ ^PM?-^ . C l 6 J « , P f l 3 

3TU, OEV^ ^003 , 8 , 0 0 1 ^007 .5 
C , 0 1 M P g i ) " ^ e 79 . ^81 ) 
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TABLE 11-10 (Continued) 

TFNSTL f ">RdPtHT !ES" OF""^ P5X " f iRAPHlTg 

LOT i'iOj BD5«i3 SPfeC^ n |A^ 12^8 MM 
LOS NU, fea8a«i1£ SPEC« LENGTH 03» ^M 
tOG i)e*^8TTY ig7f f HG/*^**3 

SPfeClMPN ORIENT^ LOC^^ OlhSlJi Y0UNG8 PERH«» F R ^ C * " TEN8ILE 
NU-^BtR ATION TION C'*'G/Mt<s 15 MODuLljS AKi^NT TljrtE 8T«fNGTH 

CQPA^ SgT STW^iN C M ^ A 5 
C ^ C T l , I f ' C T ) 

l 2 A Y - a « JOB AX EM 1^770 5^7 ^i)i2 , g 3 | 9^3 
•«• 3^a AX Ef̂  U 7 6 7 6«C « 0 3 l , l « 9 8 , 7 
« a^ri AX EM t ,77 fe 5^8 ««£7 « 2 i a 9 ^ ! 
«• 5aA AX EM \^7b9 5«8 g u j u t l B ^ flga 
« JOA AX Ê ^ ^ » | 
-« 3^B AK fcM § , 8 

m a6A AX fcM 9 , 6 
« Sab AX fM 9g3 

l2Bt«.P«llii» AX EM U77I 5g9 ^038 gg|0 Qg? 

^ISBA AX feH 1,782 b,U ,030 ,184 S^S 
«tiaA AX EH 9gO 
"UaB AX fM 9^3 

linymB^lit^ AX EM ___ f,8 

•S26b A^ £M fgS 
«1S04 A^ KM 5»̂ i 
•^U^a AX |M fgl 

MEAN"' t«773 6,0 ,'130 ^SOS ^^1 
( ,87 Mpjn ^̂  C I3th,p9l) 

STO^ DEVs ,005 I? ^0'J2 sOt9 ,6 
C «03 MFSl) C fSt^S!) 
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TABLE 11-10 (Continued) 

T f N S I L a PMOPERTItS OF Pf ix" GRAPHlTfe. 

LOT <4U^ HuS-3 S P | C , 0 | A s 12^8 MM 
I OG NO, feaS^^ll? 8PeC» LEi^UTW 63s *^^ 
I or, nfeiMliTY i , 7 « MQ/Hft*3 

SPECI"^F^' 0*< I | .M1- LOCA- DENSITY Y O U N Q S PgWMi. F« | iC " TENSILE 
. 'JUMBER ATpjiM T I O ^ C*^6/^**^5f'SOD'JLUS AMjKT TUS£ 8T«?tNbTH 

CGf^A) SET STRAIN i^Pk) 
(PCT) CP.CT) 

• U9 RAi) fcM 3^772 e . S g<i2l , 1 * ^ 9 , 7 
« 6 1 RAO tM i ^ 7 7 5 7^2 ^ o i ^ ^130 | o , 6 
^ 67 PAP tM 1 ,776 7 , 0 . ' l i ? « 2 0 l 1 1 , 3 

« «7 WAO fcM " 9^3 
« 51 RAi) E.M S^3 
«• 61 R'̂ O tM J 0 „ 3 
« 65 «A0 fc.M U s O 
« 6P RAD fcM t O , « 

t H y » F « l 5 3 RAU EH 1^77i l 7 ^ | ^ e | 8 ^59 9 ^2 
'« lS7 RAD t H 1 , 7 7 3 7«o ; o 2 i " « M 9 1 U 3 
•«>t7| PMO EM l t 7 7 6 fet8 ^018 ^ | 9 l 1 0 , 5 
«175 WAO t H 1 ,775 6»« sOao «l8 i4 1 0 , i 
«»!5t RAD EM lUQ 
••ISS RAO EM 1 1 , 0 

ltiimtml%9 HAD EM lO^a 
«»U9 WAD "" EM " " "• i y , 9 
- ' [73 RAO EM ^ , 9 
•^fn RAD EM 9g7 

MEAN i ; f 7 i i d<,8 \ O l f t . l f l 2 10,2 
_^ .̂ C «9^__^MPsî |___ _ ^ c |^«75tP8!3 

8T0, UEVg ,002 , 3 ,QQJ ^OaS ,8 
C ,Qti "MPS!) " C l l f ^ P S n 
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TABLE 11-10 (Continued) 

TENSILE PRuPfcHTIfS 0 F " " " " P C M " C R A P H | T 6 ; 

LOT NO, BOSml SP|C^ ' ' ' lA^ )i^h WM 
LUG ^m, bi^BUmiii SPEC* LENGTH b3, MM 
LUR OENSITY 1^78 H G / M * * 3 

SPECli^EN Of<I|iMT"» LOCA^ DENSITY Y0UNG3 PfRw^ FW^c- TgNSILE 
NUMB£ft ATjOM TlON C*^6^M**3)'^0DU|.US AN| , -NT TUHf S T R E N Q T H 

C G P A ) 8KT STWftTN CMPA) 
„ . _ f P C T I CPC^) 

\-iAYmHm as BAD EM ! , 7 7 6 § , « , 0 2 6 p l 7 9 ' ' Q ^ I 
« 149 RAO t '^ ! « 7 7 5 6 , 6 , 0 2 6 , 1 5 0 7,9 
» h j RAO EM | ^ 7 7 a b^9 , o 2 0 , 1 6 8 8 . 7 
» 67 RAO EH U 7 7 3 to,9 , e 2 2 ,15Q B,U 
m a j RAO E"̂  7 , 
• U7 RAD fcM • • J g 

5 ! RAD EM 
61 RAO E*̂  

8 t i 
9«3 

« feS SAL) tM e 0 
« 69 RAD EM g a 

l?bY^B«lbJ ^AD g.M 1^775 ^^j 
«'157 HAD EH 1,772 7,o •' ; n | 9 ^ I R O Q 5 
•171 RAD EM i^7«8 7^2 ,02« ^ia7 g,0 
t»n^ HAD m 1,782 7,2 ,n2o a^7 8,5 
«igi HAD E^ go 
«t5S «AD EN ' 7 A 

l2BYjB;t59 RAO EM _ ^Jo 
^ib9 RAO £f^ ' ••' " ' - J -̂  
• 1 7 3 WAD E M q % 
« I 7 7 BAU t H ' q^O 

M|AM 1,777 fe.9 ""loai '•^^•JJ'**^^*™^^^'"'^'** 
_ Cl^OI HpSJ) ^ C l l f U p S ! ) 

11-63 

file:///-iAYmHm


TABLE 11-10 (Continued) 

TMJ3ILE PROPfcRTieS OF PCX QHAPHlJl 

LOT ^*0, «D5«3 SPECg niAs i a ^ 8 f̂ M 
LOG NO, 6aea«»ti2 SPECs LE"!^GTH ^ J , MM 

lOG OtNSlTY It78 MG/'*^**! 

S P K l M f N I ! R I F . H T » tUCA^P DfcKiSlTY YnUNGS PfRM«. FRAC'» TFfslSlLE 
•iU*^BEf* A | |OM T l ' ^^ ' CMG/M#* j )H( jL !yLya ANENT TU^^E STf^6.NGTH 

C6PA) SET STRAIN CMPA5 
. CP„CT} i ^ C T ) 

l A l - ^ - f 608 AX EE 1^773 t j l «028 ,i^Q It^t^ 
m tuA AX EE U 7 « 5 i>«3 »020 , 2 2 3 1 1 , 0 
m 7h& AX EE 5a7S2 6s5 iLf'>20 , 3 1 9 iO^f t 
m 8aA AX Efc 1 ,786 te,3 ^022 8gJ9 1087 
- . f t t lA AX Se . „ ^ „ . t U 3 
•» ft^B AX EE I0g3 
- 7?A AX tE 11,8 
m 7?B Ax t c Ut«^ 
<» 76A A4 fE I2g0 
«» 8aB AX €E IO97 

l e E ^ I - K i a B AX EE l^78S b^U ^020 , 2 5 ^ 12^3 
• U f t A AX EE UBiS 6*8" «02ii ,2110 | 2 , ? 
-^IfcAB Ax EE 1,7^2 toga ^027 p^5ti l U ^ 
•«i68A AX EE 1,781 6g2 ,027 ,247 11,5 
«t4^A AX FE i2g0 
«|aAB AX EE a,9 

iBE»E«»156A AX £1 ^ _ U g 7 
^1569 AX I f 11,0 
«»l6nA AK Et 10^7 
"•i^aB AX feE " 11.6 

HfeAN 1,7^0 ^ 6 tS 8025 "̂  .219 l l ^ a 

c tos Mpsn c S5«psn 
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TABLE 11-10 (Continued) 

T l N S l L t ' P P U P E R T i e S OF P6X - C R A P H l f E 

LOT NO, 8 D 5 - 1 8P6C^ OIA^ 1 2 , 8 HN 
LOG HO, bUBt^mili SPECs LEMtTH 6 S , MM 
LOG OLNI ITY | , 7 « MG/M**3 

SPECI^ef^ ORIENT- LOCA. DfeNSITY YyUNRS P£RM« , F k a C * T iNSILfc 
NyMfifeW ATlOlv TlON C MQ/W** 3) MiJUyLyg ^MfcW| | y K E ST^ t^GTH 

CGPAI SfcT STkAlN CM^A3 

l i A f B - * feOb AX EE 1 , 7 * 4 S,fe ,0«4n ^?c}5 8 , ^ 
" bU^ AX EE U77 to 5 , 9 , 0 2 5 , 2 1 1 q , a 
- 7h» AK EE 1«7^6 t» t t . ( ' 2 9 i 20 i ^ ^ t ^ 
«s B^A AX E l 1 ,785 6 , 0 , 0 2 6 , 2 1 « 9 , 8 

_ . * feQA AX gF „ ^ 9»S 
^ 6«B Ax t e ' 8 , 7 
m 7?A AX fcfc q^S 
<« 7?H AX Ef 9 4 
« 76A AX FE Q^l 
- BU» Ax Efe 7,q 

|ahjt«^B*t'4^B AM EF 1*769 5^9 ,025 ,iM 9^h 
• laBA AX EE U7«to 6 ,1 ",028""" 8i«l2 9 ,0 
""•l&nB AX EE 1,7S5 h,U ,QiU ^206 9 ,7 
mibB^ AX fet U 7 e 0 6 . 3 , D i 0 s?1 l 10,0 
*ta/4A AX EE q.S 
• i a « a AX El 10,2 

I2BI«B«!56A AX EE t o , 3 
•156H AX fee " -" - - - "̂  9 ,5 
•IfeOA AX feE 10^0 
•«lfo88 AX t e lOgO 

*^tAf^ 1,780 6 | ! ,028 " »g09 Q^a 
L s 8 8 Mpsj?_. ^. „ I I 3 6 7 ^ P 8 I ) 

ST '^ DEV, ,010 ,2 ,005 .012 ,6 
{ 9O4 MPSI) C i S . P S I ) 
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TABLE 11-10 (Continued) 

TeNSlLE PROPf-WTIlS OF PCX ORAp-MITE 

LOT 40^ «0S«»3 8 P E C a . 0 | A ^ H^B MM 
LOG N0« 6 4 8 ^ ^ 1 1 2 B^iC, L l ^ S f H 6 3 , MM 
IOG Ufc.NSITY 1 ,78 M6 /H«5J 

SP&Cl!^fe^ 0HIE-4T* iOCA^ DENSITY YyUNQa P|HM«. F R A f * Tf-NSILE 
nUMHtR ATlON TjON ( H Q / M * * 33 MpQUI^US ArM£NT TURf S T R ^ N Q T H 

CGPAi SET STRAIN CMPA) 

iklm^m fis H40 It ! t 7 8 7 7 , 2 ^.-^18 , 1 ^ 7 11^3 
« 81 RAD E6 1 ,787 7 , 3 , 0 2 1 , 1 9 8 I U 3 
- 99 RAO t f I t 7 8 f 7 , J ^012 . I 7 S 1 0 , 9 
• l O S RAD t F 1 ,788 7 t 5 s022 « H U U » « 
• J*? RAU t E | 0 a 9 
• 83 PAD EE 1 1 , 0 
• 87 >*An tfc 10^8 
• 97 RAU EE tO,U 
• ^ l o i «AD t e 1 0 , ^ 

10^ ^kb tl II,«. 
!8«l RAD feE 1^7941 7 a l ^ ^081 ,201 I t , 3 
193 WAD Ef 1,792 T.S . o l S ,176 10,7 

«*207 KAD t e 1^789 6 ,7 ^020 t lBO 10^0 
<«2n RAD tE U 7 ^ ^ 7 ,3 ,02o .195 11,0 
«187 WAD E l 1 1 ^ ^ 

! 9 l RAO tE I I , Q 
I9<S RAO gi ___ _ 10,a 

•205 HAD Ef " " • " " - ~ ^ ^ ^ 
«.2JQ RAL» FE ^ 11^1 
• 2 1 1 RAD EE 10,b 

f̂ fcA Ĵ U 7 9 0 7,a «n |q a ^ Q 10.9 

STU, DFV, ,002 ,2 8003 . O i l t 6 
C «03 HP8I) { SSgPSI} 

" 1 u*» 

|HE*Fw|9<S 
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TABLE 11-10 (Continued) 

"TfN8IL"rPftOPERTIfe8"OF " H% """GRAPHlTfc 

LOT NLij 8D5.»3 S^EC^ niA^ l 2 , d HH 
LOG <M0, bUHUmili S^EC^ LENGTH 63» ^M 
L 0 6 ntNSiTY |^7H MG/«**3 

SPEC|f'F>' OHIt'f^T* LOCA. OgNSlTY YOUNGS P^nnm •RAC^^ TENSILE 
f^UMptR A T I O N TION C"5^'^**3)^O0ULU8 4N6NT TuRg STRENGTH 

CGPA) 8FT STRAIN CMPA) 
.- LPCTL iPCT) _ . „ 

!2AE»e« 8 ! «AU EF I ,771 b^B ,^19 ^2o3 10,0 
• 85 HAD EE l«77fe 6«8 ,(.29 ,150 7«^ 
• 9® RAD IE l877ft 7 ,3 , 0 ^ 6 ,177 9^ 
^ ! 0 5 wAU El U 7 7 8 7,0 ,015 «179 9 ,7 
• 79 «AU EF. 9,t 
«* 83 HAD tE 9 t 3 
^ 87 «Al) EE 9^Q 
m 97 RAD EE e«2 
• l o t RAO fcE <?,5 
••lyS RAO fcE 0 ,2 

12Be-8»*!8<? RAD feE U 7 7 J fe«7 ^02« _̂  .135 7^S 
""•«|93 WAD \E ' i , n i 6,ft " \6?f ^,131 ' 7 ,3 

«»207 RAU It X^llb 7 ,3 40ga ^180 9,U 
t»2l l RAO EE i , 7 7 a 6,A ,rt£5 ,131 7,? 
•187 «AD EE ft,7 
^191 »AU EE 9 ,3 

J2r tE»B-^ l^J HAD EE ^ 7^9 
^205 RAD hi f « 3 
' i J9 RAD t f 8 ,9 
21s HAP feE 8^5 

MEAN i ; 7 7 5 6 ,9 ^02<1 , J 6 l ft,8 
i i j O O HpSJ) . .„ .„( l 2 7 0 ^ p S I ) 

STO^ DEV, ^a03 ^3 ^,,005 ,028 ,9 
C soa mil) i Mu^psn 
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TABLE 11-10 (Continued) 

TFN8!Lfc PPUPEHTfeS OP >GX fiRAPHITt 

LOT NU, mys^j S P t c ^ O I A , I 2 , « MH 
LUG N0« fea8«««|!2 ,«|PtC. LE^iGTH 63» MM 
i,OG DENSITY ! » 7 8 _H0yM**3 

SPECIf^tN ^f^IE'^'T." LOCA.« DENSITY Y0UNG8 PEHHm FRAC* TENSILE 
ixjiiMBtP AT|U^i TION CMG/M*«l)Hf)Dy|^US ANENT Ttj^E STRfc^iGTH 

,?PCT) „ i P C T J 

•̂  I2tt AX MtC l«7ftl 6,! e 0 2 ^ ,^27 10,8 
• agA AK MtC UT^a 6t3 i02« , H £ <»88 
^ aaA AX MLC i,7«a 6,5 ,021 ,i^^ ^«l 
^ IQA AM M^C . lClt7 

«. 06B AX MLC 9g9 
«• 1?A AX MLC 9^7 
«• l«A AX l̂ LC 9g2 
• 20A AX MLC IO»l 
-„i28 AM MLC . . . lUa 
•« 2^6 AX MLC 9^9 

fedC^^'*' 9«B AX .-̂ LC 1t7fe9 6,0 ,«83 |?15 10^3 
^ «?6A AX MLC U77I S»« 8017 s20« 10,1 
^ 9fiA AX MLC i,78y 6»3 ,01^ «a20 |0f^ 

68C-'^^-IOaH AK MLC 9^5 X MLC ! | , 770 fo,0 , 0 2 2 ^ilB 10,b 
"i^C " 1 1 , 0 

••iOdtt AX 
• "i""9gA AX _ 

* 9aA AX MLC 9^U 
*'9hB AX MLC SO^O 
«» 9sa AX MLC l O s l 
•^fOfeA AX HLC 8 t 5 

^ C ,90 MPsn^ C HSJ.PSI) 

3TU« i>ev^ «0f)8 ,2 ,0&S ,020 ,7 
( 3 3 MPsii "" "" C 98,PSI I 
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TABLE 11-10 (Continued) 

T I ' ^ S I L E PRO>tRTTFS OF PbK GRAPMfTE 

LOT NO, «!J5«»1 S ^ E C ^ ^fA^ 12^H MM 
LOG Mb, hUBamxtz S^t'C, Lt^^TH bj, MM 
! OG OE^^SITV t ,7H MG/H**3 

SPELl f^ fN ORIE.NT- IOC Am OiN.qlTY YUUMG9 Pf9Hm f R A C * TENSILE 
f'-ljMBEP ^TlfJf^ TION C^K/'^"**35MttDu!.u3 A^^lHl To'^g 3T»fc,NGTH 

CQPA) SET STQfilM CMPA) 
cpcn (PLT) 

S A C ^ M " 07 f̂ AO " t c U 7 P ? 7 , 0 , C 2 | , H 6 « , b 
» I ! fc^AD m C t,7^<4 6 , q ,<'2f. , i a i 8 , 2 
• ^5 "^AD '^ ' t t l a 7 « l 7t% . 0 2 1 i l f t ^ <^i7 
« 2«l WAU MLC 1 ,779 7 , S , C i ^ , 1 3 0 a , | 
• 05 RAO Mt̂ X 1 0 , 1 

«. 13 f^AP MLC a , 7 
« 33 RAO MLC 9,i 
<• i l H^D ^'LC 7 , 6 
•» 31 » A O MLC 9 , 9 

6HCf^*«* ! l ^ r̂ AD HLC ! ^77Q 7 , 1 ^p20 g f i l ^ S^a 
« 1 | ^ HAD ^LC 3 , 7 7 1 7 , ? . o g t i , | S b 8 , ^ 

feBC<»Ms*i53 S*AD («tC 1 ,775 7 iO , r> l7 , 1 7 7 l o ^ n 
«137 «AP 'MLC 1 , 7 7 3 7 , 0 , r t | 7 , 1 9 0 10«7 
« U 3 B A D MLC 9^3 
« P U 7 RAO MLC 8 , ^ 

- t § 1 WAD Mj^c 9 * 1 
- J J ! HAD MLC 9 , 5 
• 135 HAD Mt.L l O g ! 
- 1 3 9 HAD -" t̂C « , 3 

MIAN " 1 ,778 7 , 1 , 0 2 0 ^ " , | 5 b 9 , 2 
( 1 , 0 3 . MPSI) . . . C . l J 2 ^ t P 8 ! ) 

8 T 0 , DEV^ , 0 0 5 , 2 , 1 0 2 ^020 , 8 
C , 0 3 H P 8 I ) C l i 6 , P 8 I ) 
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TABLE 11-10 (Continued) 

T F N 8 I L I P?^OPFf-'TI|S OF PCX " G H A P H i T t " 

I UT W , WOS-5 8 P f C , D I A . 12^6 MM 
IOC. NO, 6 a M a „ u 2 sPKC, LENGTH ^ 3 * MH 
LuG '^fcf'SlTY i , 7 g NG/M*«3 

St^ECI^gN ORIE ' -JT* L 0 C A « D E N S I T Y Y0UNG8 PERM- PRAC-* TfNSILE 
'.U'^^etR ATION TI0*^J (MS/M**l)M(5Dyt.Li8 A îENT TyR6 STRENGTH 

( G P A ) SET STRiilN CMP^) 
Ĉ CTJ J?CT) 

toAY-pH* SOH AX MLO l , 7 B £ 6 , « , 0 2 1 , 2 0 y | 0 j « 
« 3aA Ax MLH 1 ,783 6 , 1 , 0 2 5 , 2 2 5 1 0 , 8 
^ «6B A)« "̂•LM 1 ,778 b^H , 0 2 2 a E l l t 0 , 8 
m 9?A AX Mj_H 1 ,775 6 , 3 , n ? l , 2 2 « U t 3 
« 30A Ax -^tM ^ l l j 
^ 3«rt AĴ  f̂ 'L^" I 2 s 0 
• i\2k kt MLM 10^6 
• «?B AX ^L(' U « ^ 
m kh^ hi MLM U , 2 
' 52B AX HL^' 1 0 , 5 

feBY^M-^llpB AK f^Lf^ i « 7 8 l © | 7 ^ , 0 2 6 ^H)% 1 0 , 7 
• 'Hf^A Ax MLf- i,7ft~2 6 , 5 ' " , 0 2 1 " , 2 ) © i 0 , 8 

toBY«M^l28H AX MLM 1 ,781 6 , 5 „ , « 2 d ^ ^ ^ 2 I U 7 
mlink kt MLM 1,779 6,7 ,022 ,207 10,5 
®12«A A^ MLi^ «!,« 
- ! 2 « B AX MLM l a ^ f l 

febY-M«_ia8A AX HLi^ _ ^ lOgS 
i - U a B AX MLM " " " U , 0 

MEAN 1 ,780 ' 6 , 5 , 0 * 3 , 2 1 7 t0,«? 
C ,<?« MPSI) C 1 5 8 7 , P S D 

STD, DEV, , 0 0 3 , 2 ,P_08 ^ 0 1 3 ^7 
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TABLE 11-10 (Continued) 

f £N8ILfe > R U P | R T I E f OF" ' POX" G W A F H T T E 

I OT NO, «DS««»3 S^ECjL 0 | A ^ l ^ , a MH 
LOCf NO, 6 a 8 a « H 2 8>EC, LENGTH 6 S , MM 
LOB DtNSlTY ij7« MO/M^tS 

SPECI'^fl^ O f t l iNT- LOCAip n t^SITY YOUNGS P^RM^, F « A C * T f ' ^ S l l t 

CGPA) SET S I R A F ^ fMPA) 
CPCT)_CPcT) _ 

&AY«M« a| RAO MLH U78^ 7.8 i«2l tl^l ^.3 
• U9 RAD H|.f̂  1,787 7,2 ,020 ,lfe2 9,<U 
«• 63 »AU Mt*« i,7a3 7,3 ,»!gt ,|fe| 9,7 
- 67 K A D MLM 1,785 7,2 .ngo , | S ^ 9,& 
• aj RAD H^M 9^q 

*•» a? RAD ' Hi M • • ~ " 10,3 

•• to! kAD ML*^ 1 0 , 1 
^ 65 RAD MLM 9g9 
«* fc« RAD MLM ' l O g J 

""•«!S7 RAO > L H " 1 , 7 7 8 7 / i l , 0 f f ~"" ,£17 ' I U S 
• 1 7 ! RAD MLM 1,783 7 ,3 ^OgO , ! « & 10^7 
«17^ RAP WLM l , 7 « l 7s? ,«21 . 1 « ^ 10^5 
• i5>| RAO MLM f , fe 
«*I5!? «AD MLM U , 3 

oBYssH-^ISf RAO Hi» lOaJ 
• " " •» lbQ RAD'" Ml^ """' " " "• ""•' 10,5 

•175 RAO HLH I I , f 
^m HAD MLM 10^7 

ME4N U T I S 7 ,3 ",020 .179 10,3 
y.?.0*» ' ^ P i n . . . . . C 1500 ,P8 I ) 

8T0, Dfe'V^ ,00« ,2 gOOl ,oad «7 
C .03 MP8I) '^ t f S i P S I ) 
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TABLE 11-10 (Continued) 

tENSlLfe PROPtKTiES 0> PGX ORAPHITt 

LOT Hi), i i j S - S 8P£C, 0 I A » S2^8 MM 
LOG NOi fetiSa.lia SPEC* L I N G T N fej, MH 

106 I1ENSTTY I t i e M6/Mj(r%3 

SPeCI^FN O H T E N T ^ LOCA- D tNS lTY Y0UNG8 PfRMt. PRAC^ T E N 8 | L t 
NUMBt^l ATiON T|CJN fMg_/M**3)HOpUtUS AMfNT TURt STRENGTH 

C G P A ) S E T S T » A I N (HPA) 

(PCT) CPCT)_ 

bhl^Hm 60B AK MLt 1,790 h,% ,o20 , 2 t t | 11,9 
m baA AX MLt 1,7^2 ft,6 ,013 ^gna i l , 3 
• 7hH Ax f^Lt U 7 9 2 fei7 ,022 ,g06 10^« 
«. BUA AX - ^ L I U 7 f l « ftit t«20 «2fi« !0g6 
«. 60A AX MLt l l | 5 
- tab AK «L t ^ 10^2 
• 7?A AX ««LE U i l 
^ 7iH AX Mte U t 7 
^ 7feA AX H|,fe l l | l 
'̂  BUH kt MLE l l ^ f r 

6 H E ^ M ^ 1 4 | ? B AX HLE l t ,792 6 ,7 ^020 ^8a i la^P 
- ! a6A AX M L I 1,787 fe,7 J^Ia ^256 12,8 
^|5PB AX HLfc u f Q i 6 ,5 , 0 i 9 a ^ a | 0 | 7 
"lfe«A AK MtE 1,7«« fe^« ,026 ,2S« la .O 
«s|ilgA Ax MLE 11,6 
- i a 6 » AX ^'LE i l « 8 

6B|»W"i5aA AX Hig I tgO 
" ^i iS^b AX MLfe ' ' 1 1 , 3 

- 1 5 ? * AX MLE l i , i 
«'\hm AX ML£ 11^7 

C. Jî fe MPSI) „ „̂ ^ ( l i 6 6 , . P 8 I ) 

8TU, DFV, ,0011 , ! ,005 ^025 ,6 
C «0g HPSI) ( 8 « , P 8 I ) 
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TABLE 11-10 (Continued) 

T I N S i L t P R O P t l T l i a OF P$K """ i fRAPHlTE 

LOT fJU, i D 5 » 5 SPECs f ^ I ^ l ^^M^ " ^ 
IOG NUs foafla«.il2 S ^ f C t LfcNfiTH 6 3 , MM 
lUG f ) | N 8 l T V ! g 7 8 M 6 / H * * 3 

SPECIMEN (»lt^if'» LUCA^ DENSITY YoUNgS PgRM- F W A C * T f M S l L E 
NUMB£R A T I O N TlOfM CMy/M**J)M0DULU8 ANf^T TURt S T R £ W G T H 

CGFA) sFT STRAIN ( M P A ) 
CPfT) CPCT) 

' * " ' f e A E ^ M 3 * 8 | ' " * H A D ^ " M L e * " ' * l ^ 7 5 " * * 7 * 6 ^ - ^ . ^ ^ - j . ^ ^ . ^ B ^ . . ^ ^ ^ ^ . . ^ ^ . * 

m B<§ RAO ^ L t 1 ,789 7 , 7 ^ ^20 » 2 0 i 1 2 , 1 
«. 99 RAD MLfc l«7^C> ' i S »018 , 1 6 8 IC3«3 
• 1 0 3 RAD MLfe 1 ,790 7 , 7 , u U , 1 8 4 | 1 , 5 
• 79 PAy M i , | 11^0 
m H3 SAO MLt | 0 s 6 
•• 87 HAD NLt i 0 , 8 
• 97 HAD MLE 1 0 , 7 
«»10I RAD MLfc 1 1 , 6 
• l y S ^ *D MLt l l t f l 

6B|»M-« ia9 NAU MLf 1^?9 | _ 7 , 9 ,91 .1 ^ H S iO .O 
w 1 9 | ^lAO HLe !,7fi«?" 7 , 7 , 0 1 6 , 1 9 8 1 2 , 0 
• 2 0 7 WAO ML6 1^791 7 , 8 ^015 ^ ! 8 9 H ^ T 
• ? n HAD WLt U7«?3 7^6 ^ogo , 1 ^ 7 I U § 
«187 RAD MLE l U f e 
«*t9i KAU MLE 9^2 

&8E®M^I9§ kAD MLE ^ I J ^ « 
•POB WAO MLt 10^3 
«?0q WAD MLE 18^11 
« ? 1 1 HAD MLE H « « 

MlA*^) 1 ,791 7 , 7 , 0 1 6 , 1 7 9 H . f t 
C U 1 2 . M P I I I ^ ^ C l 5 9 g , P S I ) 

3TR i Oev« , 0 0 2 ,9 , 0 0 3 , 0 2 2 t ^ 
"C tO? HPSI ) C | 3 ! , P 8 I ) 
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TABLE 11-11 

COHPRE-.SSIVfe PROPFRTieS OF P&X GKAPHlTfc 

SPEC I •'•1 

<p «Bi w «» ®»Ha « 

LOT ^HU 
i O G N O , 

»mmm mm 

8US-3 
6«8a« 

IOG i5fcH8ir .Y 1 

E'v Q Q I E H T W 

fv ' jMBtR ATJONi 

<t» S^ W 1SS W» ^ i 

tAC 

IBC 

W ^ ® ^ f ^ W<S 

t2AL 

I2«C 

# «n <8B ^ SJS K^ tS 

B bC 
E 8C 

tfogC 
t l O f l C 
E106C 
fclOBC 

P ^ S9̂  $S» f 9 1 ^ « 

i 6C 
9 8C 
Bloc 
8I2C 
B9oC 
892C 
89aC 
S96C 

B % SISV W ̂  ^ ffi 

-

is ^ 1 ^ ^ ^ ^ 

AX 
AX 
AX 
AX 
AH 

AX 
AX 
AX 

W BBS 0lS ^ '^ ^ 

MEAN 

8T | ) , 

AX 
AX 
AX 
Ax 
A i 
*K 
AX 
AX 

9 ^ ^ ^ ^ 6K 

« tAN 

STO, 

LOCA^ 
TIO'M 

' ^ S^ S|l W ^ i 

ec 
tc 
tc 
tc 
tc 
tc 
fC 
fcC 

DEW, 

fcC 
FC 
FC 
£C 
EC 
tc 
tc 

ec 

D E V , 

mi«<mm« 

m i 7 a 

SPfeC 
SPEC 

M G / H t ^ 3 

DH^SITY YfiUMGa 
CMC;^M**3)MnOyLyS 

B W ̂  WHSB 

C G F A ) 

s.s 
5 , 5 
5 . 8 
5 , 5 
5 , 6 
6 , 0 
5 . 3 

• sBi W* S8» •M' ''™ <B9 WW WW « S '»• 

C . 8 ! 

C . 0 1 

«,J 
<^t7 
^ • 6 
a,8 
S J O 

5 . S 
5 a 
ft,9 

a,9 
C , J ! 

t ? 
C t O « 

* (P l̂ ^ 

HP 

MP 

s ^ SSS 

1 m ^ 

;« OIA, le. 
:« I E N G T H as 

O f R M . 
AMI'NT 

SET 
CP^T) 

t i n 

a 9 i 
an 
a s i 
a^o 
an 
. i f c i 
j n 

at>8 
an 

a»i? 
S I ) 
as ® ^ ^ w SiSS 

a 7 5 
a 9 o 
,?yo 
t 2 l 5 
a 8 « 
a«o 
as^ 
a 80 

a 8 7 
M P 8 I 5 

«oi« 
MPsn 

FRAC^ 
T. jRI 

STRAlf^ 

2 t 0 3 0 
U96 fe 
1 , 9 3 3 
U 9 3 h 
l,BSb 
1 .939 
i t 709 

i?a'o^ 

uSga"' 

,lO'i 

i ,853 
U907 
2a«^2 
e a 7 o 
? j a i ^ 
l ,86« 
1.897 
i ,850 

a«o 

b *«1M 

» r.M 

COMPft , 
STREH&TH 

C ^ P A ) 

^ 5 , 0 
« « , 0 
«a,e 
«fe,0 
a s a 
u%,u 
« 3 , 2 
«3 ,Q 

a«a 
C 6 u 7 9 s P S n 

, 9 

^ 1 , 7 
« 2 , 3 
a g a 
a?,& 
« ! , 8 
a i , o 
« t , p 

A t a 
C feu50gPSI3 

, 8 

c u i . p s n 

11-74 



TABLE 11-11 (Continued) 

COMPf^ESSTvt PR,]PE*^'n"ET OF Prix " GRAPHiTt 

tOT NU^ SL '5 -1 
I0& Ho^ bunumi \i 
lUG OeNSITY u 7 « 

SPEC. L £ N G T H 2 S , 
MSS/M*j^J 

HM 

MM 

SPfClHfeN o H f E N T - i O C A - OtNS lTY YOUNGS P t « M * FRAC-^ COMpR, 
NijMBtk A | I 0 ^ TlO'^ CMG/M**35Muf)u iua A ^ f ^ T TU»t ST^t'^^^T'^ 

C Q P A ) SrT STRAIN fHPAl 

IAC 

18C 

fc 3H 

t t |1B 

b13 l« 

RAU 
>?AD 
RAP 

>̂ AD _̂  
t̂ AO 
RAU 

t c 
fcC 
LC 
EC 

ec 

EC 

%,7 a S ! I , j 5 b 
5«a a ^ t t t ^ ^ i 
s , « a 7 t i , a « 6 
5 ,6 a 8 l ^ . 0 5 6 
1 ^ 4 . „ _ a !a t t a 9 ^ 
«,H a 61 ^.obO 
5^2 a ^ i i , § 6 o 
5«? a « t l . 9 « ^ 

3 7 a 

«i ,& 
a t , 7 

a ? a 
a? ,a 

^fcAW 

STD, n t v . 

S^a a b 3 UBfe? 

, 3 ^ . 0 1 3 , ^ ? 7 
c aJ5 H P s n 

? t 7 
f 390 ,PSI ) 

U A t 

U B t 

B 3a 

M11H 

B i l l H 
B I I5B 

B129B 

R4D 
HAD 
RAP 
RAD 
HAD 
kAO 
RAD 
RAP 

ec 
t c 
t c 
t c 

fee 
EC 
t c 

5 ,8 

s a 

5 .7 

a e s 
a so 

_ afeC) 
a e o 

a 30 

a ^ f i 

t , 7 9 5 
U 7 7 9 

U 5 7 6 

« g a 

3 f i . J 
s R a 

Mfc&N 

STO, Dfev, 

%,« a 5 9 !t6^<^ 

a^ _ i 0 i 8 a so 

C «05 M p s n 

C SH31,PSI) 

C ?07 ,PS I ) 
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TABLE 11-11 (Continued) 

C.fl'^Pf^taSIVI: PHuPEWTlf-b OF P&X GHAPHITt 

lUT NO^ «DS»^ 
LUG N i ! , ft4fia«.ii2 

^U/'^ttS 
S P K « LH 'GTh 

MM 

S,pp£jMfN f ) K j [ N T - L^'CA- I^it'-SITV YDiitMGS Pf$SMm F P A C * C<"'""'Pf*s 
^lJ^'et•^ &T I 1N TION CMr,/M** D H o D U i U S ANI.N.T lUR|r STWtNf,TH 

CSPA) S^T STKAIM (HPA) 

lAV 

Hf 

E5"C 
f 3aL 
in?C 
fubC 

i 12f.C 

AX 
AX 
AX 
Ax 
AX 
AX 
AX 
AX 

EM 
f M 
LM 

5 t 2 

6a 

5.« 

j e i 
,171 
,?01 
, 1 6 ! 
.171 
, 1 7 ! 
,171 
,181 

l i 7 B ( ) 
l . 73 f c 
£ i l 7 ^ 

tsaa 

i*^a 

MEAN 

S T O , l ) t . v . 

5,3 a ^ 8 2 , m e 
afe Hpsn 

. 1 ,010 a 74 
a)5 HPSD 

!£AV 

l^ f lV 

ftlOC 
H i « L 

ausc 

AX 
AX 
AX 
AX 
AX 
AX 

Ax 
AX 

a^o 
a 50 

«200 

, 1 6 0 

2a«« 

1 , 6 5 3 

2 t l « 8 

3 8 , a 
3 9 , 0 

3 9 , 8 

MfcAr, 

STD. DFV 

« . 5 a 90 

t ? ,020 
C , 0 1 MPSI) 

! « 9 « l 

, 122 

f 5 6 3 « a P S T ) 

^ ^ 
C 2 7 1 , p s n 
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TABLE 11-11 ( C o n t i n u e d ) 

CH'^Pt^ tSSlVfc PROPERTTfS" Of- ^GX G H A P H I T L 

LOT N,)^ « D 5 » ^ 
LOr, 'MO9 fe««««11? 
L i ' f . n t ' i i S I T Y i a « K&/f^#«« J 

s P t C , L L N G T H 2 S , 

S P f t l ' ^ ' l f ' ' O W J t N T - 10C4«» n t > ' S l T Y YUU^f iS P^W^'m ^ R A C " C O ^ P R ^ 
M j ^ B ^ P A T j ' j N T T O ^ f f - ' ( ; ; / f -<**31^0DOi U S A N ^ K T T I J « | S T W ^ M C S T N 

CGPA') sPT S1*^Ali>. (MpA^j 
„ , CPCT) CPCT) 

1 A t 

IH¥ 

f 4.7rt 
F b l h 
f feih 

t f b Q b 

RAD 
RAU 
t?AD 
(f AD 
H'AU 
WAi) 

U ' 

EM 

« , 8 a ^ t 

a ^ i 

. i n 
a « i 

1 ,bib 

'^, u 1 7 

1 a 6 3 
1 ,Ha i 
\,b9! 

n,5 
3Pa 

« ? a 

• ' tA^ 

STH, IJfev, 

c__a7 MPsn 

t , 0 7 MPS I ) 

a i a 
C 59bk,PSl) 

C « 0 7 , P S I ) 

U A T 

128^ 

H«1B 
Ha7B 
H S i B 
B fe lB 

9 l S b 8 
B l S 9 t f 
BIfeQH 

RAP 

NAO 

i^AD 

RAO 

RAD 

WAD 

1-4 
S.3 

5 .a 
5 ,5 

,5 9 9 

a«« 
a^o 
a&o 
a i a 
a^o 
a«o 
a7o 

1 gfe^fe 

ia^« 
l.70«? 

I i 7 « i 

U72fo 
U 6 3 « 

i » a 

MfcAN 

STO« U£V« 

5.S a 6 3 \^tf9\ s^a 
C 5feft7,PSn 

la 
f 165 ,PSI ) 
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TABLE 11-11 ( C o n t i n u e d ) 

CO^^HESSIV fc P k O P f W T I i S ! ' V " P f ; x f ; H A P H J T t 

LOT -lUg BUS"'^ 
LiJG rJOg tiUHU'-l^i 

LOG n t ' . S I j Y t a s 

1 2 , d 

».cv''̂ **3 
MM 

( G P A ) St T STM^I ' -- ' 
„... . „ CPCT) C^CT) 

l A t 

I h t 

fc i « « C 
fct56C 
fc i o i . C 

AX 
ax 
ax 
AX 
ax 

AX 
AX 

Ax 

I f 

fet 
t F 

5«3 

%a 

f i fe? 

.181 

an 
asi 
an 
a ^ t 

^ a 1^ 
2 a " i 

U^7J 

^ t ' i 7 9 

COhPR^ 

SfHfc^JG^M 
( H P A ) 

« b a 

'̂ sa 
<4aj 1 

y a a 
a 7 , 0 

<4aa 

•"'LAN 

STDg , ) t w , 

5,« a ^ ^ 2 a 17 
^ ^»^« " P s n 

si a'̂ '̂  atn 

asa 
C ^ h ? a ^ P S l ) 

f 
1 . ^ 

l^Afc 

I ^ B ^ 

Hf)f)C 
bdaC 

8??C 

B7ftC 

«156C 
st6«C 

AX 
AX 

AX 

Ax 
Ax 
Ax 
Ax 

fF 

FT 

fefe 

««3 

«a_ 

aa 
So. «a 

,190 

a»o 

a«2 
a^o 

1,938 

2a'̂ f> 

I.asi 

2 , 0 3 1 

« ia 

3 P a 

a? ,3 

MfcAN 

5 T D , D E V , 

C * 0 1 M P S I ) 

«oa 

? a 
f 3 u u p s n 
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TABLE 11-11 (Continued) 

CriMt^HtSSIvfc PWLPF'^T'lfcS OF" PGX "GPAPwiT t 

L ( T ^JO, PuS-"? 
LOG MU, huBu^l^i 
Lof^ i> t . . snY 1 a*^ M Cs/H * * ^ 

s^ec« o U t 1^,6 
SPEC. Li^blh £ 5 , KM 

SPecP-lf-^ Of^I f . ! • LL-CA- Ht^-STTY VoU'^nS PF.RM^ f K A t * " C"f''P^s 
MJ^'bfcP A T l ' i u t l i^K C *^&y'> î  i l ^ O U y L US A M F ^ I f i lPF 3TPLNf, |M 

CC»PA1 Sf-T 3TPAIN f f iPA) 

l A t 

IHfc t 1P7H 
E 1 Q1 0 
t i 9 s a 

W A D 
• ^ 4 0 

t ^ o S t t PAH 

frt 

tF 

fct 

sa-s 

5 a 
^ a 
\ . « 
s a 

a & i 
a 6 ! 

a s i 
a e i 

1 , 8 6 7 

tat»7 
1 aft3 
i . ' i f i i 
1 a 5^ 
la '̂.' 
5 a '0 5 

a n , 9 
4 0 a 
« i a 
«"i a* 
aa,7 
tt2a 
a 3 a 

•>,« ,167 l a * " ^ 
J a 9 MPgi) 

,3 ,v l2 a 37 
c a « Mpsu 

c fot&oasn 

i a 
f ^ t 9 , p 8 I ) 

MAi 

li^t 

n79H 

Ha7H 
H97B 

fc^l 87H 
b t 9 ! B 

P A D 
RAi) 
RAU 
PAD 

KAD 
KAD 
HAD 

I f 

s a 

s a 

s a 

a«c) 
a 7 9 
af i i ) 
a 7?̂  
.180 
a 60 
a^o 
a 50 

i a « i 

! a ? 5 

i a « ^ 

5%a 
I B , 9 

3 B a 
3 7 a 

« ! , 3 

M l A ' 

3Tu^ i'f-y^ 

^ t 3 a 70 ! , b S l 
1 . 1 * ^..PSI3_. 

1 ,<ii2 a«9 

c 5559a^si) 

1,B 
C .Q? Mpsi ) f a ^ ^ a s n 
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TABLE 11-11 (Continued) 

COMPPISSIYE: PPOPVPTIfcVfJF'TGx""" " G R A F H | T E 

t OT MO, «D«5_"'i 
LOP MOg 6 a 8 « » i 1 8 
i-!Q ' / fe/xl lTY . i , 7 H 

SPfcC^ DiAe _ l ^ a MM 

HJ/'^**J 

f)K?fcMT. 
AT ION 

LOCA. ' f ' t N S l T Y YilUNGS PfcRH« FRAC'» COMPR, 

CQ^A) SET STKAT'^ c^ ' f 'a 

feAC 

6HC 

MtcC 
M BC 

M9SC 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AK 

M! C 

MLt 

' " i t 
^LC 
-"LC 

5^1 

s a 
U^9 

sa' 

^170 
a 70 

.goo 

a ^ o 
a ^ o 

i a « ^ 
! , H 7 S 

i a 5 2 

« fa^^ 

3 ^ a 
3 7 a 

«i a 
ay,? 
« 3 a 

'^tA^• 

STt ; , DEV, 

StO a ^ 7 l a n « i a 
C boafejpsn 

? a 
( 3 2 2 a s n 

ftAC 

dBC 

M «!« 
M Qb 

M^IB 

M n 7 b rtAO 
M l l l b RAO 
M135B nAO 

RAD 
RAO 
HfAO 
^AO 
RAP 

MiC 
MLC 
MLC 

MLC 
»*LC 
^ L C 

6 a ' 

5,2 

.ISO 
a s o 

a ^ o 
,.a^? 

a^^j 

I«7fe3 a i a 

« i a 

HtAN 

STD, DIV, 

6a> «i5>5 l a ^ i 

, 7 _ a ^ ^ i-J^** 

C a o MP8I5 

2.? 
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TABLE n - 1 1 (Continued) 

CHMPHtSSlVt PkuPtwT' f feT OF PG'X GwAPHjTfe. 

LOT NO J BUS* .^ 
LOG Mijg hUBUmil'-i 

U06 n t ' - ' S l T Y I a ^ . M6/Mnt*3 

SPEC, n j A , 
SPf-C, LENGTH ^S» 

1 £ , « 

SPtCI '^P'* Okl t^ ' iT ' - LOCA^i DE.^^S|TY YnUN[,8 P [ ; P M * f.«AC«» C O M P R , 
^U'•1B£P A | |ON TlO,-i C^G/' ' ' '**3)Mrir)( j^ yg h>-V^l TijHf; ST^ t^GTH 

fG^A) StT S T P A T N fMP/.l 

&A¥ 

bHY 

^^3aC 
' 'JdC 
"4?C 
'•'a^C 

'•niiQ 
f ' l l f t C 
^ i^ac 
'M2!«C 

aK 
AX 
AX 
AX 
AX 

Ax 
AA 
AX 

M^J. 
M 1 M 

^ L ' 
'^L "*' 
' i k ^ 
f',|̂  M 

Ml r 
HL^ 

5 , 5 

5a 
5a 
s a 
sa 

% 3 

a«o 
a 81' 

a 90 

8 1 6 ' ' 

8 lb« ' 

?a^'*^ 

^ a i * * 
i a ^ 7 
c^a?^ 
^•271 
l a ^ y 

« i a 

«7a 
^sa 
a?a 

'•lE-r 

S r n ^ OEV 

5«i i 
_C __«7H ^'PSD 

181 ^«03H 

1 0 1 ft 19H 
f gOl MPfilS 

f hii9B,PSI) 

c ? 9 ? a s n 

feAfc 

s8fc 

MofiC 
^to«C 
^^2C 
"•76C 

^1«2C 
«146C 
K15«C 
i^MbeC 

AX 
AX 
AX 
AX 
AX 
AX 
&X 
AX 

^••i.fe 

fat" 
""It 
•"•̂ Lfc 

^L„t 
•<Lf: 
M L £ 

" L t ?a 

a 70 

a'60 

a ? " 

a^o 

aafe i 

i,<)7l 
'i,i'\7 

a6a 

^3a 
4 « a 
«7a 
iifca 
^ s a 
a?a 

M£,A') 

S r D « D E V , 

5 a »lBti i . u a i «sa 

ta 
( ?7^a8n 
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TABLE 11-11 (Continued) 

C0"^PKE S S I Vfc "PRI.'PF M T 11 3 " "0F " PGX ~~ ' QH A P H | T fc 

LOT NO, ftDS^-l 
t OG ^Og fcaf*4i»t 1? 

SPfeCg n i A , 1 ^ g b 

M G / f i * * | 

SPEC I ' " f ^ f-,PTf -Mf. 
A T xO'., 

LOCA^- H f i ^ S l T Y vpt iNQS P f P M * F ^ A C " i''>^^^ ^ 

Cf iP6) S f T S T f * A l N ( t ^PA) 
£PQ1) ( P C T ) 

oA!^ 

ot^y 

MiJJH 

M«7H 
' ^ ^ I H 
M ^ l h 

. I 5 3 K 

^ 1 5 S ^ 
M|«^9H 
w 1 (5 0 rt 

-^Ai ' 
,?A.) 
WAi' 
KAU 
K A [ i 

K'AIJ 

RA' ' 
W A f i 

Ml M 

' U " 
<"L" 
f I '" 
-H f 

.-.L.'-
M i^ «̂ 

K.LM 

^ a 

6 , a 

5*7 
s a 

a?*' 
a5>o 
asu 
as^ 

a7c 
i | 7 0 

as" 

i a « ? 
l a ^ i 
l a ? ? 
l a n 

\, lab 

1 t 7 B 6 

*4l a 

1|- A -̂i 

S I D , PFv 

s a a«>« ia««? 

a /u3 
( a>« '"^815 

0 Q 7 

Ul a 

f ? ! « a s n 

O A t 

«jHfc 

M 8 7 ^ 
M97d 

H | $ 7 B 
H 1«? 1 b 

RAiJ 

RAU 

WAD 

p?4 0 

MLt 

«L£ 

fe,6 

6 a 
a 70 
a ^ " 

a s " 
a 70 
a7u 
a% '̂ 

i a ^ « 

i « 8 7 6 

i a p « 

i a ? 3 

«4«a 
i j t a 

a"Sa 
a i a 
<4l , 5 

l^ tAN 

sTUs f>ev« 

fea .Hf' ' ia"^"^ ^ 3 a 
C_g98^HPSl) ^ ( 6261 a s i ) 

a f o u ii?t? t a 
c ?«?as i ) 
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TABLE 11-12 
MEAN STRENGTH VALUES OF GRADE 2020 GRAPHITE 

(LOG 6484-110) 
(MPa) 

Axial 

Slab 1 Slab 6 

Radial 

Slab 1 Slab 6 
Tensile 

14.1 

+1.9 

15.8 

+2.4 

15.8 

+1.4 

18.9 

Flexural 

25.0 

+2.4 

27.4 

+0.9 

25.2 

+0.8 

27.2 

+0.8 

Compressive 

Slab 2 

78.6 

+3.1 

Slab 2 

78.5 

+1.5 
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TABLE 11-13 

rf NSILE f ' K ( j P F « T J t S OF' 2 0 ? 0 GRAPHITE 

i '»T M J , Tg» SPEC, U l A , J2_,M HM 

L'iC» C t N S j r y J ^ 8 v | ^b / ^ i * J>J 

i j - ' h t w M T I I I \ ( T I O ^ ' (_nG/ '^** l )M, jQi , iL , t iS AMfeSil r y R £ 5Tf<E.^'fr1n 
(GPA) S t T S T ^ a l N f> ipA) 

^ _ t P L T l O^CTl 

- I M A A« E vC 1 , 7 8 1 7 , i , t j S , ^ J t IS . , J 
'^u^h An g^o i , n t » 7*1 «'nb ,i7«? i ( i a 
•L1J4 ^x 1^0 1,792 ? ,« , U t 2 ,18?8 12 ,6 
" L ^ ' i * AX L-̂ .o i »7 f l « JUA « ' a5 ,2u7 l£«.b 
"UP^^r \% £11) 1 , 7 « S 7 , u , u i ( ) . 1 T 6 l l e i 

1H«L?JA AX Evo 1^791 7^9 ^ u j o , 3 5 7 U , v 
-L |J^< AX 1 , 1 ! , 7 « a 7 , b ,111^ , 1 7 ^ 1 1 , 7 
" L i o A AX f v i 1,7«2 7^3 , 0 1 1 . 2 a u a 
-L i«A AS e'.n 1,793 7 ,3 , u l l ,22B 1 <<, U 
"D ' JA AX ||S(0 l « 7 . t 5 7^« a i i L a j « - l i , 7 
-L'4hH AX f f . r ! , 7 9 ^ 7«a ,U12 ,?3o 15,U 

l A . L6H1 ^x | N i ; 1 J,t) 
• a n ^x BNO i 6 a 
• L l ^ A AX fe.^l) H ^ M 

- L I ^ W AJ. L i Q _ _ _ H a * 
• L 1 -̂  A i X E M 0 1 i i 8 5 
- I M d AX t ^ D l i . e 
- I iijH AX ENft i a s « 
" L ^ a A AX L\iO 1 2 , 1 
• I ' ' a a AX tMi^ SE)^7 
- L ^ i t H AX £ivi) _ _ _ ._ __ l ^ a 

I H ^ t f i " Ax feND ! , £ , « 

- L ? ? H AX f ^ l ^ l j , 7 
'•i.ihA AX £N0 l S , i 
-L4 !^H AX E N D I ' j , ' ;^ 
«Lt»?A AX EN1 _ _ _ -__ l i r ? 

- ( , a a n AX fcMO 1 7 s ^ 
- L « & A AX E M O i " , a 
-•UyrtA AX F M O _ _ 1 6 ^ 4 
« U « H H ax E N O 1 9 , 7 

^iE«N 1,78"? '^ 7 , 3 '̂  " , ^ 1 2 "^ ,^05" " i « , l 
( i . y f e Mf^gi) ( g o ' s ! , P S I ) 

S t n ^ nfcv, ,00fe a ^^'^2 . 9 ^ 8 l a 
( , 0 } Mos i ) ( ^ 7 9 , H s n 
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TABLE 11-13 (Continued) 

' T E N S I U P«nP£«TfE8 Q¥~'IQJQ'" CRAPH"ITF. 

LOT MO^ 7i% 
U3G MOg toa8a«i»1 10 
L Q l ^ ^ a E ^ L i l T Y ^ 1 ^ 8 0 1 . '"S/M**! 

3P£C« 
U I A ^ 
L E N S T W 

12a 
7.)« 

MM 

S P p C l ' ^ E ' ^ i ' « I E ^ T » i n c A ^ D E N S I T Y yuUNGS P E H M ® P P A C " T t ^ S l L E 
j i l M B t P ATIOM T fUM CKG/Mt *3JH iJQU i , i JS ANfcMt r ^ r t t STi^F^CiTH 

COPA) SfcT STHAIM C»'PA) 

iA< 

la-

1 8 . 

l A -

lA. 

H t 

| H , 

17 
111 
Las 
l?9 

L'a 

LfeS 
LS 
L9 

L l i 
L23 
L27 
L3 I 
LUi 
L*4S 
L ^ ' 
L59 
L6S 
Lfe7 

P A H 

t^AO 
P A D 

RAO 

HAD 

t?AO 

QAO 

RAO 

RAO 

RAO 

*?AD 

RAO^ 

•^Ad 

t^AD 

HAO 

RAD 

« A 0 

QAO 

RAD 

WAO 

6^0 
F vi l 

IN'J 
fcNi) 

6. *ir) 

E N H 

6. .\' 0 
fc'N*0 

a e ^ 
a*^8 
a s s 

a«^ 
, 7 9 1 

a B 9 

a^i 

7^7 

7 a 

d a 
7.8 

8 a 

a a 

0 1 0 

uto 
y 1 0 
0 10 
U07 

J i t 

a « i 
ae« 

a i « 

,ib9 

i s a 
i s a 

l i a 
i b i i 
i s a 
a a 
i « a 
t o . l 
17«o 

U , S 
t 7 t l 
j s a 
i ? a 
t s a 
n a 
i b a 
i fe.9 
i s a 

MEAN ia»9 7a aio ais 
J J A J S MP8J) 

c a i ^psi3 

i s a 
.C2295asa 

l a 
c s i u a s n 
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TABLE 11-13 (Continued) 

Tf-NSILfc PWi'PPHTIES OF Zafo "GRA'PHIIE" 

1. 
1 

I t \!}^ 
If, .MM, 

72« 
ft i j h (J« 

LUU ' i E - i S I T f 1 

SMf r j M f s i t ^ l f N,T«. 

' . ' j - i t ^ p e i 

oA«»L!3<4A 
• LSftA 
- l . 6 , ^W 

»U%?A 

• L o f A 
»L70M 

hH»L7rtA 
« U H ? « 

«LauA 
" • tahA 
9L92A 
® l , 9 a H 

oA»L5r>A 
-LSOt-
" L b a h 
• L b o « 
" L & O A 
• l .bOrt 

" l . b ' S A 

»L&ftt^ 
• L * H H 

• L7UA 
«'L7aA 
" L 7 £ n 

©8»L7«A 
- l 7 y h 
®k7rtB 
« L 8 " A 
• | ,8urt 
- U S ' i i i 
• ! , 8 f } H 
» L ^ O A 

«.t.9ah 
• L 9 ^ h 

•>L'"*A 
«U9hA 
wj^g&K 

M I )N 

A A 

AX 

Ax 
ax 
S i 

« X 

A^ 

i x 

ax 
AX 

&x 
/t X 

4x 
AX 

AX 

AX 

4x 
&x 
AX 

Ax 
as 
AX 

Ax 
&i 
AA 
AX 

4 « 

A X 

AX 
^X 

AX 

AX 

AX 

4K 

fix 
AX 

AX 

MgAN 

S T D , 

tUCA«. 
TIUV 

•^L 
^•L 

^ L 
M | 

ML 

>̂ L 

• ' L 
M|_ 

•"'L. 

•^U 

ML 

" l i . 

Î L̂ 

i*'U 

« L 

»^L 

I L 

•^L 

I L 

f 'L 
*<L 
^L 
'̂̂ L 
'•L 
« L 
ML 
" t l 
HL 
ML 
«L 
f^L 
ML 

«L 
ML 

^L 
^ t 
^L 

~ O t ^ , 

1SU 
SPLL 
SPEC 

^Mi M G / « * * i „ 

O t N S l T Y VUUNSS 

[ ( l g / M * « i l M U O " L i J a 

-

ia<?5 " 
i a 7 9 
l a r s 
1 , 7 9 a 

l a ^ - i 
i a 9 ^ 
i a 9 5 
1 , ? S ! 

iae i 
la^** 
l a o i 
l,7«»fl 

_ 

la'^o 

, 0 0 9 

( G P A ) 

— 

7 , 0 
t,9 
fe»S 

7 a 
7 ^ . ^„ 

7a 
7»« 
6 , 8 
e.<? 

7a 
7 a -
^ a 

, « • . , . • « • 

l i a 
, UtiMGTH 7 0 , 

' ** * ™ ' ' ® S 

A N t N ! 
SfcT 

CP£T1 

s ^ H 
,U1U 
, y i i 
, 0 1 1 
«JLa. 
* i.' 1 0 
.V l« 
, v l i 
, 0 1 0 

, u ) i 
, t iLQ^ 
, t n J 

_ 

a i l 
C l , n i MPSI5 

,2 ' 
C 805 MP 

913 

— 

f HAC« 
O ' R E 

S T K A I N 

(•^CIJ 

a<'fe 
a i 9 
a b o 
, 2 0 « 

, ^ * 2 ( i 1 _ 
, S 3 6 

a^^ 
.ai-? 
,^17 
t ' ""^ 

-.- ab<j 
.^2« 

. ^ ^ - - " ^ 

t<>SO 

M M 

MM 

Tk 'oS lLE 
S T k t N G l H 

( • ' P A ) 

)£a 
l « , l 
B a 
i ^ a 
l i t O 
! a ,8 
i « a 
!<*a 
1 3 a 
^ a 

i b a 
i a , i 
l i a 
1 7 , 0 

i b . b 
i i , u 
i / a 
! 7 , B 

15«« 
! f l t 3 
Ifetfe 
l b , a 
! 8 a 
t 9 a 
t ^ a 
^ o , ^ 

l o a 
1 7 , 1 

i9 t4» 
l a«^ 
t b a « 

i 7 a 
i*^a 
i ^ a 
' ^ a 
I f ee^ 
I B g l 

" " isa" 
(<^i88,PSI 
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TABLE 11-13 (Continued) 

Tgf is iL t 'pROPEk>lE8 OF^Juao """ciRAPnTTE 

LO! N(t, 728 8P£C^ i>IA, li,H Mf« 
LQG 'MO, fyaBUmin) SP£C« LENGTH Tu^ '"̂ (̂  
kUK OtNSlTl l ^ e O l ^G/^**J 

SPF.CI^I ' ' .NIFNJT- LOCA« DENSITY YnUNSS FfH^m PHAC li'-^Bllk 
MO'̂ BEP ATIM"^ TIQN C'^G/M**3JM00UL08 AMfc^r fuWi STKgNGlH 

CGPA) SfeT STrtAl;^ C^PA) 
cp£Tj cpra5 

foAm L79 HAD ^L Wf^5 7,© / ) U a 5 « IfegS 
«. L83 ^AD ^L U 7 9 3 7 a 8^12 a o o ld«6 
« L^7 «AD »«L 1.795 7 a i U i a a»*^ i B i U 

&A«L io i «Ao ML l a ^ a 7,5 a i l a o 5 i ^ a 
&«"»Lii5_ PAD fiL ia9_fe^ 7 a * y u a e s i«*t^ 

- L U 9 f̂ AD ML i a 9 7 7,5 , u i ^ .£74» I 7 a 
- L i 5 i "̂ AD Mt l a ^ ^ 7 a t ^ i i i i^5& 1 6 a 
«PL137 RAD ML lt79b 7 ,h ^iHh ^?f] 17,i 

feA- L77 '̂ AD ML IB^i 
• L«l ^AO ML !9a 
m lis SAD Hl̂  ^ _̂  \%^i 

64^ L̂ 5 HAD Ml ?ia 
m 199 RAD ML lea 
«»L10| RAD ML 19a 

da«l,U3 HAD Mt 2u,l 
«*Ln7 SAO ML i r a 

mmiiii RAO " i . ^ a i a 
« L l i l «Ab KL iiUl 
^ L i 5 5 HAD Mt. 2 i a 
^ll%9 RAf) Mî  19,7 

rtiAN l a ^ f e 7,to a i £ a 7 H i ^ a 
ci i io_AP9JJ ( i F J b a s a 

STO, U|Y^ ^Oy? ,1 a O l ,018 l a 
{ ,02 MPSn C 2 !^ tP8 l3 
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TABLE n -

PLiXUt^AL PROPERTIES V' 

LiiT ' J U . 7a« w. 

L d i , D t N i l T y 1 , 8 0 3 >^G/ 

S P t C l M t ^ i j>^l t .>i l« LUCAs. U t N S l T y 
NUMBtK AT i l lN TION t»^(j /M«*33 

?A 
? 0 
UA 
ilO 
feA 

fett 
lOA 

U>*1 
12A 
l , i « 
lUA 

lU>i 
18A 
I f i H 
20 A 

2 0 P 
^<^A 

^ 2 H 
JOA 

30H 
32A 
i ^ B 
J<JA 
3«o 
36A 
.^6M 
aoA 

<40O 
«?A 

« 2 b 
t^^A 

« « 0 

h O * 

son 
S^A 
5 2 H 
5 t iA 
?J&H 
58A 

'set* 
&UA 

5 0 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 
&X 
AX 
AX 
AX 
AX 
AX 
AX 

Ax 
AX 
AX 
AX 
AX 

AX 
AX 

t ^ ' D 
feNU 
t N O 
L N U 

fcNU 
t N P 

fcND 
t^O 
t N [ ; 
t N P 

i N O 
l.'>iU 
tfMD 
LNU 
fcND 
t ^ U 
f ND 
fcND 
L N D 

L N U 

MxO 
E'NO 

t N D 
fcND 
t N p 
fcND 

ii^fU 
END 
feNO 

t M P 
t N D 

feNO 
LNO 

eMo 
END 
fcND 
END 
END 
t N U 
fcND 

END 
..iND 

^ H|.AN^ 

3TD, DE«, 

iOgO G R A P H I l t 

SPfcC, O I A , & , « MM 
S P t C , i tNGTM b l , MM 

•^tlPULUS Of- FLEXUkAL 
RUPTURE (HPA) S T H t N t T h (»PA5 
CUNCUHHLCTED) (CUWHf-CTtO) 

3a,3 
Jt»,2 
3a,5 
35.0 
35,7 
3 i a 
3 S , 8 
3 3 , 5 

1 3 , 1 
2 2 , 2 
1 3 , " 
2 7 . 3 
3 ? , J 
3 6 , 0 
35,a 
31.fe 
3 3 , 0 
3<4,? 
3 2 , U 
3 3 , 2 
3 ? , 0 
38 8 a 

3 2 . ' » 

3 i a 
i a .5 
35,2 
1 1 . « 
M,i 
32.2 
33*0 
3 « . § 
3 2 . 9 
3 2 , 7 

35»5 
i« ,a 
i s a ^ 
3 t j , 7 

3a.3 
2 9 , 0 
J 9 s 3 ^ 
3 9 , 3 

33.^9„ ^ 

2 1 . 2 HPA 

^ 5 . 7 
«Jfe,u 
^ S , 8 
^ 6 , 0 
« i b . 2 
2a,7 
i b , i 
^b,^ 
1 2 , S 
l ^ . l 
^ s . b 
^ 2 , 3 
£a,a 
d & , J 
^ b , l 
<^a,b 
ib,i 
ib,1 
< j a , « 

.e -s tJ 
^ " , 8 
c ' 6 , 9 

s?« ,8 
^ b . 6 
£ 5 , « 
^e,S 
^aa 
«;«,«? 
£ a , 9 

^ 5 , 2 
^S.o 
as.£ 
^ s , l 
^ 6 , 1 
« ! i , » 

•ioa 
c i b . S 
£ 5 , 7 

^ l . i 
. ^ 7 , 1 
« J 7 J 
£ 5 , b 

^ 5 , 0 MpA 

C 6 2 ^ , P&l) { i a s . p & n 
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TABLE 11-14 (Continued) 

^LfeXUWAL PHOPtRTIfcS ijf'iQ2Q" ttRAPMHE 

S^ECIHI-.N 
NUMbtR 

lA^ 

IB 

IB 

LU1 

smmmmi 

LOG NUg 
728 
baaa-ii 

LOG L)tNSlTY„ 1 

O H l t N l ^ 
ATION 

7 
9 

l i 
15 
| 9 
31 
i S 
39 
a i 
ub 
59 
bi 
65 
67 
71 
05 
87 
91 
93 
97 

wmmmmt 
WAP 
HAP 
RAU 
RAU 
RAD 
HAD 
HhO 
RAD 
«AD 
HAD 
HAD 
HAU 
RAD 
RAU 
HAO 
RAO 
RAP 
RAP 
HAD 
H A D 

9 < » % » « < 

LOCA­
TION 

" " E N D ' 

tND 
END 
END 
tNO 
LND 
END 
END 
tND 
fcND 
tND 
LMD 
END 
§ND 
fcND 
LNO 
tNl) 
END 
tNO 
tMD 

U O 
«,M3 . 

nii»i«w< 

HG/f 

DENSITY 
( X G / M # * 3 ) 

® ^ " * » » 

SPEC, D I A , 
SPEC, LfeNUTH 

'^**^'S 

MODULUS UP 
HUPTURt C^PA3 
CUNCOHHitCTtO) 

^ S B W M I 

3 5 a 
5 ! 5 a 
3 8 a 
3 a a 

- - .M^SL^ 

3 % a 
3 b . 3 
3 5 a 
3 j a 
J 9 . 3 
38 a 
3 0 , 3 
3 3 a 
3 5 . 8 
3 8 a 
39 a 

_ _ 3 < i a 
3 6 . 0 
3 9 , 5 

* 

^ a f**̂  
5 U "̂ '̂  

-

FLIXUHAL 
STRtNGlH CMPA) 

(CORHi-.CTEO) 

ib,b 
i 7 a 
£ 7 a 

^ea 
2 6 a 
i f e a 
i 7 a 
2 7 a 
2 7 a 
db,b 

^ea 
^aa 
£ 8 , J 
26 ,2 
^ 7 a 
ib^z 
iB,7 
i 6 a 
£ 7 a 
2e ,7 

HfcAN 3 6 a M Â 27^ i | MPA 
C5235« PSI) C397b, PSIl 

STO, DEV, ' i,'S'^P^ a HPA 
c 329t P s n c u a , P S D 
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TABLE n - ) 4 (Continued) 

H t x u R A U PWUPENTIfcS Lif- 2 0 i O GRAPHITt 

L u l MU, 
LUG NU. 

72f i 
fea8a«i10 

§ P K , DJAt 
SPEC, LENbTM 

LUG U t N S l T y 1 , 6 0 3 M f i / ^ i * * ! _ . 

SPiClMEN nwI fcNT-
MUMBt''< 

6A 

<>A 

6t t 

&» 

A' 

b6A 

6 6 0 
OSA 

& » 0 
70A 

70O 
7«A 
7ab 
7t5A 

7feb 
?8A 

7 8 » 
82A 

82Q 
«aA 
M«0 
efeA 
d6B 
92A 

9 2 H 
9aA 
9 « B 
98A 

9 8 « 
i o n A 
l O O H 

1 y « A 

loats 
l U b A 

lOfeB 
i08A 

luatt 
t laA 
U a M 
UfeA 
l l fe l? 
SSOA 
laott 
U 2 A 
12ab 
l i f l A 

r i U N 

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 
4X 
AX 
AX 
AX 

4X 
AX 
AX 
AX 

iMa Ai.. .. 

tUCA» DfcNalTV 
TION CKfc/M**3) 

f^l 
ML 
Mt 
Ml 
ML 

ML 
f^L 
ML 
ML 
ML 

ML 
ML 
ML 

ML 
ML 
ML 
ML 

ML 
ML 

ML 
ML 

ML 
ML 
ML 
ML 
ML 
KL 
ML 
ML 

^L 
M l 

ML 
ML 

ML 
ML 
ML 
ML 
ML 
ML 
ML -
ML 

- .ML 

i i £ A N 

STU, . D tV» 

MODULUS UF 
RUPTURt CMpA) 
(UNCORRfcCTiU) 

3 3 ; e 
3 7 . 0 
3 a . 5 
3 2 , 2 
3 5 , 6 
3 4 . 0 
3 a . 8 
3 a , 3 
3 1 . 7 
K.7 
3 a . S 

i s a 
3 2 , 7 
3 a , i 
3 2 , ^ 
3 4 , 7 
3 0 . 0 

3 3 , 6 
3 1 , a 
29,i 
3 3 , 0 
35a 
3 4 , f l 

j « a 
3 5 , 3 
2 9 . 3 
3 7 . 0 
3 7 , 2 
3 2 . 7 
3 4 . 0 
3 2 , 6 
33.fe 
3 t : 7 
3 1 , S 
3fl,fe 
41.j^iJ„ 
3 4 , 6 
3&»9 
3 4 , 0 
3 6 ^ 2 
3 8 , S 

- - i 4 a 
3 4 , 1 

( 4 9 6 0 , 

2a 
C 3 S 3 , 

-

MPA 
^ § n 
MP* 

P 3 1 ) 

OS 

fe,4 MM 
5 1 , MM 

-

rLEXUKAL 
STPfcN&Th (MPA) 

CCURHtCTfcO) 
„«-»„ 

iJfe.J 
l i S . a 
^4, t> 
^ S , H 

2 5 , i 
^ ^ . 5 
2 5 , 3 
2 4 , 4 

2 4 . 6 
2 S , 4 

l i i . o 
2 4 , 8 

2 5 . 3 
2 4 , 8 

2S ,S 
2 3 , 6 
2 ^ , 1 
2 4 . a 
2 3 . 2 
2 4 , 9 
2 ^ 6 ^ 

2 b . S 
2 5 . 5 
2 5 , 7 
2 3 , 2 
2 f e . l 
2 6 , 1 
24, f« 
2 5 , 3 
2 4 , 7 

2 ^ . 1 
2 4 , 1 
a 4 , 2 
2 6 , 4 
1 6 , f l 
2 5 , 5 
2 6 . 1 
25. ,3 
2 5 , 9 
2 6 , 3 
2 5 , 3 

2 5 , 2 MPA 
(36%%, P S I ) 

, 8 N1P& 
C l i b , P S I ) 
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TABLE 11-14 (Continued) 

^LEXUHAL P«OP6.RTlt8 UF iHZQ GRAPHITE. 

Sf^tClHtN 
NUMt i t ' * 

toA 

bti 

bti 

LO? NO, 
LOG NU, 
LUG UtN? 

ON] I t N f -
ATIUN 

i l l 
U i 
117 
U 9 

1 2 3 
t P 
13*^ 
mi 
\ub 
149 
Ibi 
IfeS 
169 
17i 
17b 
189 
191 
1 9 i 
19? 
^01 

tei ^ tsa 9^ 9 

KAO 
HAD 
KAU 
KAO 
HAD 
RAU 
RAD 
HAD 
WAO 
HAD 
RAU 

RAD 
RAD 

RAfi 
HAD 
RAD 
RAD 
RAD._ 
KAD 
RAU 

72B 
fe^aa^ 

5 I T Y 1 

L O C A ­
T I O N 

® ^ # *f ^-^-

ML 
HL 
^l 
f^L 
ML 
M L -
ML 
^ t t 
HL 
ML 
ML 

ML.-
ML 

HL 
ML 
HL 
ML 
M l -
ML 
( i t 

«tAN 

3TU, , D E V , 

UO 
i , « ( ^ i 

mmmmmmmmmmo 

SPtC, DJ ; A , 

SFfcC, LtNCTM 
M Q / M * * J ^ 

D E N S I T Y 
£ K C i / M « * l J 

®>am«Li i> ' p < i » 9 « « < 

_ 

H0DULU5 UP 
HUPIURE CMPA) : 
CUNCURRECTEU) 

3 s a 
3 Q a 
3«9a 
3 9 a 
aoa 

- i - 7 ^ 

3sa 
3 3 a 
35 a 
37 ,a 
l a a 
i i i ^ 6 
3 7 a 
3 6 a 
35,0 
3t>a 
3«l.7 

__ _ 1 9 ^ i 
J 7 a 
31 ,6 

J 7 » l 
Cbaoa» 

2a 
C i 6 7 . 

. 

) 8 ^ ^ SB 6B! < 

MFA 
P8 I ) 

MPA 

PSI) 

m 

to,a MM 
b l 8 t^» 

PLEXUHAL 

' TO SS? ^ ^ 

STRtNCiTH CHFA) 
CCURKtrTfeD) 

i7,7 
17,9 
i7,9 
^ 7 a 
i B a 
^ 7 , ^ 
ib^b 
15,7 
ib,b 
d7,i 
ib,u 
-28^1 
i7,3 
2 7 , 2 
^oa 
2 6 a 
i 7 a 
£7*9 
£ 7 , ^ 
isa 
^illi 

C 3 9 J 9 , 

a 

E 2 ~ S~ I " BW 

HPA 
P S I ) 

MPA 
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TABLE 11-15 

COMPRfeSSIVF PROPERTIfeS OP iQio GRAPHITE 

LOT NO, 7 i 8 
t fia^ kit \ JI a IS LOG NU^ 6 a 8 a « u o 
tQG OfcN8ITY i a 0 3 M G / M # * 3 

SPtCs OIA, i s a 
SPeCt lef^GTH 2 5 , 

MM 
MM 

SPECIMEN 
MUM8|:» 

n«ltNT« L O C A « 
ATION TIÔ î 

OtNSlTY YOUNGS PlB^m 
CMG/M**3)M00ULUS kHf^l 

CG^A) SET 
CPCT5 

PRAC-
TU«E 

STRAIN 

CUMPR, 
STRENGTH 

2A LO?C A^ END 
L12C AX EMD 

2B L32C AX |N0 
La?C AX tMO 

^«2 
l o a 
l o a 
l o a 

a ^ o 

t070 

l a o o 
i a « 7 

7 d a 
7 6 a 
7 8 a 
8 3 a 

MtAN 

8Tn« DEY« 

l o a #0^0 l a s s 
CK«5 MF8I) 

f6 tOi)6 ,191 
c a ^ MPSI) 

7%,b 
CU39fe«P8n 

3a 
c assasn 

2A L018 RAD END 
i,!«lB RAD END 

2B LlTti RAD tNO 
L5SB RAD feNP 

10^2 a ^ O i t 8 1 9 77 t« 
8 ,6 a ^ O I f ^ f e ' 7 8 a 

lOtS aSO if«>02 77 t2 
l o a a ^ o t a a a s p . s 

MEAN 

8T0« DEV« 

9 a .0^2 i a i 8 
Cl8«a HPSI3 

c a i Mpsn 

78,5 

CHsesasn 
1.5 

C 2 2 3 a 8 1 ? 
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TABLE 11-16 

THERHAL CONDUCTIVITY OF 2020 GRAPHITE 

lOT NUHBERI «•» LOG NUHBERl 6484«'110 

ORIEN«. LOCA« SPECIMEN THERMAL CONDUCTIVITV Ĉ /̂M̂ K) ATI 
TATION TION NUH8ER 

295K a75K 675K 873K 1073K 
C22CI C200C) CaooC? C600C5 (8O0C) 

AXIAL HLE d-Lse* ""jiis^ bKi '*"52ir''"'Jirr""39a 
6^L8SB 6 9 a 61.0 5 i a a}«3 3 7 a 
6^L68C 59«2 6fe«5 §6,3 4 9 a a s a 
6«.LdS0 6 a a 6 i a 5 5 a «3.8 « U 5 
6-LB8E 5 9 a 6 0 a ^ ^ a -^oa s e a 
6«»188F 6 i a 6 5 a 5 6 a «««3 <^5,.l 
6'«L80F 6 6 a 6a«e 5 5 a « 8 a ^1,0 
6-t88H 6 2 a 65,5 52,9 « 5 a 3^t6 

HEANi 6 3 a 6 3 a 5 3 a «5«2 « o a 

STO. OEVi s a 2,'* 2,5 3.2 2 a 
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TABLE n -17 

f-AT|gUE Ti.3TS UN ^GX KRAPHlTt 

L U l ' J U I « • 

I H l t i ^ T A l J U N I R A D I A L 

LUfi NUl &a84«?4 
LUCATiriNI |N i ) - ( jN t ThlKD RA0IU3 

Srw tsa t^ftTIiJ, K ( H l N . STf^tSS / M A ^ , 8TRtSS5S «1,U 

bf-fcLI'*ifc J iM-i, u e ^ S I lY 
( -^i,/'-It, 1,3) 

MAX« HlNg 
ST^hSS STHE85 
C"PA3 CnPA3 

CYCLES TO FAlLUHfe-

'̂ C 
S70 
47A 
41H 
ibC 
«»«JD 

l 3 t t 
«>IA 

3D 
oiC 

90 

s/r 
4 i A 
37B 
i l C 
eJisl) 
ItsA 

iC 
fei» 
^ 0 ' 
iAA 
^ / b 

Sri 
abo 
3 /A 

i a 
2i>C 
H O 
feiA 
blC 
51A 
U O 

tjA 
«7C 
2SH 
4 1 0 
i i A 
19C 
fe/0 
§ i B 

1,759 
i , 7 5 e 
U ? 4 > l 
1 . 7 6 ' -
i , 7 & / 
U 7 5 6 
i a ^ 7 
l , 7 f , -
l s7 feu 
i . 773 
l a i l 
1,75^^ 
i,7fatf 
1 , 7 5 6 

i a 6 © 
l , 7 b l 
i , 7«.« 
i , 7 ( ,« 
1,77a 
i a?«» 
1 , 7 6 b 
1 ,7 f t y 
i «7 t .a 
l as? 
i a fe !3 
1 , 7hM 
l a f a i ? 
U 7 h 6 

„ l « 7 h « 
U 7 7 £ 

a7s« 
l .TfcS 
1«75» 
i a 5 ' 4 
l a f e i 

un9 a i 6 / 
U 7 f t l 
l »7e7 
1.771 

>» W «S 1^ m RR «» ffi) 88 1 

^ , 6 
5 , 6 
!',fe 
5 ,a 
%,s 
S , 6 
S,fe 
5 , 6 
S , h 

o a 
^ a 
h , d » 

n a 
o a 
<s,8 
. , . 8 
•^.d 

"a • 
e?,H 
ft,U 
M,') 
« , U ^ 
H ,y 
«,u 
B.O 

a,u 
ft,'J 

aa 
8 , 1 

sa • 8„e « 
§ a ' 
6 , « 

aa 
8 a 
aa 
aa 
H,«? 

«,«* 
« » S S < W > ' ^ I » ^ ^ ^ « 

fhsfe 

-s.fe 
«5»6 
. 5 . 6 
s5 ,6 
' S s b 
* & ^ i 
• 5 , 6 
i i i « f e 
•5,fe 
»&s8 
• 6 , 8 
• 6 , 8 
• & , 8 

•&a 
. 0 , 8 
. ^ . 8 
»@»H 
• ® , 8 
»ft,« 
»a«y 
"a,!) 
»8»o 
. 8 , 0 
. 8 , 0 
. 8 , 0 
«B ,0 
• 8 , 0 

«»a 
• 8 . 1 

• 8 t i 
• B , 8 
. 8 ^ 8 
•898 
18 ^J6 

•ea 
•a«8 
•t i tS 
. « , 9 
• t t ,9 
Bsaisie&#) 

' n a i i o o 
> t l « 2 u o 
>1U62U0 
> i l a j u o 
> l o 9 5 0 o 
> j y & 6 y ' j 
>l2Sfe>iu 
>Sa750u 
> |S58u i ' 
> iusaoo 

i 3 u g 
37<^0o 

> l27J ' iO 
21V y 
« a u j 

>S322wO 
> ioa2uo 
> l t '580( . ) 

i b i i 
6 7 u u 

3a 
« i U C 

So 
l ' )b2 
65 l o 

76a 
^ 9 8 7 
1 3 6 ^ 

3 4 6 
Tba 

a 
< 1 

14 0 
7H 

3 i l 
b2 
SO 

< I 
l u l 

4^ 

(HU i^UUl ) 
( K U N U O l ) 
(KUNUUT) 
CKUNtiUT) 
SRUiMQuT) 
(«U^nuT3 
CKUNUUU 
(KUNUJT3 
(KUNUUT) 
(«UNDUT) 

CKUNUul ) 

CHlJiHJuT) 
(WUMUUT) 
C ^ y N U u i ) 

CF1H8T CVCLt) 

[ H K 5 T CYLLL) 

11-94 



TABLE 11-18 

caTIGUf^ TF8T.«? HM Pr,X GRAPHITE 

LOT NOS - -
n R l F M T A T I ' l M t AX 

L">G MfJI 6 '48««7« 
i n C & T i n w i fHr^mcmf T H T P D R A D T U S 

rriMTROL T M STt F TESTS 

SPFCTMFM MO, npN'STTY FRACTURE 
LOAD (KM) 

TEMSTLF STPFNRTH 

2A 
aR 
6r 

!0A 
12R 
1«C 
1 «A 
?0P 
??C 
?6S 
?8R 
^pr 
3<1A 
^feR 
"^flt 
uas 
'jaB 
«6 t 
soa 
S2B 
•sar 
SSA 
^o« 
62C 
hbk. 
fe8P 
70 t 
74* 
7b^ 
78C 
fla& 
84R 
«6 t 
?0A 

ME AMI 

S T n , nFv 

la " * ' - ? 
1 . 7 6 6 
1 ,7hi 
i a 3 3 
1 a ^ " 
1.7'M 
1,7?^ 
l a ^ s 
1 a ^ ^ 
t a - ? ^ 
1 a * ' 3 
s a s u 
i a a 7 
1 a ' ^ o 
1 .76o 
1 a 6 ' > 
l a M 
i a 6 3 
i a * 5 
l a f c i 
1 a 6 o 
t a ' ^ s 
l a i B 
1 »7b2 
l a s a 
i a 6 i 
1,761 
i a « 9 
l a s s 
i a 6 2 
i a « 5 
K 7 t t 7 
t a 6 3 
l a ^ p 

i a 5 9 

1 .(>35 

12 ,71 
i ? a n 
S2af^ 
i ? a o 
i ? a o 
t ? „ 7 0 
« ? a ' 
I ? ^ 7 0 
^ ? a i 
1? ,71 
1?^71 
12.71 
1 ? . 7 1 
12^71 
1?^71 
^2»71 
1? .71 
\?l7i 
1^^7f> 
i ? a i 
12*7^^ 
1?,7 f i 
12 j70 
i ? a f 
1?^7n 
12.7(1 
12^70 
' ? a o 
i ? a " 
i ? . 7 0 
i 2 a o 
l ? > n 
12.6Q 
12J69 

t f l f i 

1 , 0 1 
, 96 
,96 
.90 
, 9 ? 
»9B 
, 0 3 

1 ,Ofe 
, «7 

1 , 0 1 
a o 
»q« 

U O ! 
1 t O l 
UOP 
» 8 < > ^ 

,<?fe 
1 , 06 
1,01 

,90 
I s O l 

, 98 
a 6 

1.01 
, 9 1 
, 9 « 
a ^ 
, 9 5 
,<?6 

1.01 
U o l 

a s 
a ? 

MEAN? 

STD, DEVI 

6 .P 
7 a 
7 , ^ 
7.S 
7.1 
7 . ^ 
7 ,7 
7 . 1 
ft.-? 
6,H 
7 .« 
7 ,1 
7 .7 
7 .9 
7.-3 
6,S 
P . I 
7 . ^ 
« a 
7 .9 
7 ,1 
7.<? 
7 .7 
7 a 
7 a 
7 . 3 
7 .7 
7 .5 
7 . ^ 
7 .5 
7 .9 
7 a 
7 .n 
6 , 6 

7 .6 ^P^ 
a 1 0 5 . p s n 

( 6 3 . P S I 1 
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TABLE 11-19 

F A T T G U F TE«5T<5 HM PRX G R A P H I T F 

HRTf >. T A T I U M f AX L n C A T I f U l i E N n « n N F T H T R H R A D I U S 

siTQFSS t , A T T n , U C-'th^ STPFSS / MAX, . S T R F S ' ^ t t 

«sPF^T^'F^l N'H. n e n s i T Y 

i i?R 
1 6 « 
? U A 

=;?# 

^?r 
<5hr 

a r 
Tr i f l 
« y r 
7 8 4 
| f i H 
? h r 
U(-A 
S ? r 

7 2 4 
1 OM 

p o r 

iS-tR 

3 0 4 

<3oa 

S f ^4 

U O i 

«Hr 
1 ? « 
1 a * 
SRH 

oR 
hHA 

»6R 
7ar 
?nr 
??R 
iSHr 
»n(3 
fiH4 

^ 6 4 

y ^ C 

? 6 P 

i 6 r 
H « 

54R 

6 2 4 
1 0 4 
i!8R 

I b f 

l o r 
«,flC 

«A 

f • ' " p / " i « * ' 5 1 

1 . 7 6 5 
1 . 7 ^ 1 
1 . 7 6 ' 4 
1 . 7 b 4 
1 . 7 6 ^ 
1 , 7 i s a 
1 . 7 h ? 
1 . 7 6 ^ 
i . 7 « ; q 
1 . 7 f c « 
I . 7 S M 

1 . 7 b 5 
1 , 7 6 0 
1 . 7 6 5 
1 . 7 h 3 
i . 7 a 5 
1 , 7 ^ 6 

l a ^ ? 
1 . 7 6 ? 
1 , 7 6 9 

1 . 7 ^ 5 
! . 7 * , H 
1 . 7 b l 
1 . 7 6 4 
! . 7 = 5 b 
1 , 7 6 4 
1 , 7 S 9 
1 . 7 6 3 

t . 7 5 9 
1 . 7 6 5 
1 . 7 S M 
1 . 7 S Q 
1 . 7 7 ! 
1 . 7 6 4 
1 . 7 6 7 
K 7 S 5 
1 . 7 5 7 
1 . 7 6 a 

1 . 7 5 5 
1 . 7 « » 
i a 6 6 
1 , 7 6 « 
1 . 7 6 5 
1 , 7 6 8 

U 7 6 S 

i a « 9 
1 , 7 6 5 
1 , 7 6 a 

f-' A X ." 

• ^ . l 
S . I 
• i . l 
^ . 1 

^ , 1 

^ . 1 

S . I 

«?.1 
^ . 1 
^ . 1 
«^.« 
s;,o 
q , o 

=; . '5 
^ . 0 

^ . 0 

S , 9 
^ . Q 

^ . ^ 
«;.o 
S . o 

6 . - ^ 
6 . 5 
^ . • ^ 

6 . 1 
A . -? 
A . t 

6 , - ^ 
6 , -? 
6 . ^ 

^ . I 
^ . 1 
6 . 7 
* ' . ? 
*>,7 

6 . 7 

6 . 7 
6 . 7 
6 . 7 
h,7 
6 . 7 
6 . 7 
6 . 9 

7 , 1 

7 . 1 
7 , 1 
7 . ^ 

7 . 0 

M f N « 

" s tPFSS 
f M P A ) 

. 0 

. 0 

. " 

. 0 

. 0 

. 0 

.<^ 

. f l 

. 0 

. " 
a 
, 0 
. 0 
, 0 

. 0 

. 0 

, " 
.(^ 
, 0 

a 
. " 
. ') 
. 0 
. 0 

.f» 
, 0 

.<> 

. " 

.f> 
, 0 
. 0 
, 0 
. 0 

. 0 

. " 
, 0 

a 
. 0 
. 0 

. 0 

. 0 

. 0 
,0 

a 
a 
, 0 
. 0 

. 0 

t v C L F S 

> 1 2 a 8 0 0 
• ^ l O f l f l o n 
> 1 1 1 0 0 f t 
>1 l a 7 n n 
> 1 5 9 2 a o 
> ! l a a o n 

>1203nft 
• > i o a 5 0 n 
> 1 2 1 9 0 r > 
> 10 a 1 0 0 

9 

6 '4^ 
> 1 0 S 8 0 9 

?os 
1 1 0 0 1 

M?? 
> 11 71 0 0 

9 ? 
5 7 ? 
S 7 ? 

< 1 
9 1 o n n 

6 5 b 
t ? ? ^ A 

as i 
7 Q 

t Q q s 

«S1S 
9 7 7 
bUP 

1 5 6 7 ? 

< 1 
H9 

11 
fit; 

/! 
? 
b 

<f 1 

< 1 
2«5 

1 2 0 
< 1 
< 1 

< 1 
< 1 

i s ; 
< 1 

TO F A I L U R F 

(HUNnill) 
f R U i i H U T I 
f R U M P U T ) 
f P l l ^ i n l ) T ) 
f R U ^ n u T 5 
f R i i N n i i T ) 
( R U ^ . n i i T l 
f P M N n i i T ) 

( R U N i n n T ) 
f o i . i M n i i T i 

f P U N n i l T ) 

( P U ^ n u T ) 

f F T R S T CYCLE 1 

f F I R S T C V C L F ) 

f F I R P T C Y C L E l 
( F I R S T C Y C L F I 

r r i R S T C Y C L E ) 
( F I R S T C V C L F l 

f P I R S T f Y C L F ) 

f F I R S T C V C L E l 

( F I R S T C V C L F 1 
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TABLE 11-20 
FLUENCE, TEMPERATURE, AND STRESS DATA FOR FTE-3, -4, -5, AND -6 AT EOL 

Element 

FTE-3 

FTE-4 

FTE-5 

FTE-6 

Axial 
Position 

5 

15 

25 

7 

13 

23 

5 

15 

25 

5 

15 

25 

Fluence (10^^n/m^) 

oa28 
0.547 

0.352 

1.625 

1.9 

1.587 

2.756 

3a05 

2a7 

2.08 

2,83 

2.21 

Temperature (K) 

,0(a) 

991 

1181 

1159 

1040 

1175 

1249 

831 

838 

1009 

877 

1179 

1056 

297̂ >̂ 

1189 

1395 

1280 

1274 

1423 

1457 

961 

1079 

1133 

1182 

1393 

1505 

Axial Stress 
(MPa) 

20^^^ 

6.6 

11.4 

5.2 

15.1 

15.7 

12,6 

8.4 

10.1 

9.7 

14.0 

13.3 

11.9 

297(a) 

-3.2 

-6.5 

-2,9 

-8.2 

-9.6 

-7.6 

-3.7 

-6.1 

-5.5 

-7.2 

-8.3 

-7.3 

Hoop Stress 

20(a) 

6.1 

8.3 

4.1 

11.0 

10.2 

8.6 

6.1 

4.2 

5.3 

10.0 

7.6 

7.7 

(MPa) 

288*"̂ ^ 

-3.6 

-4.8 

-2.4 

-6.4 

-5.9 

-5.0 

-3.5 

-2.4 

-2.4 

-5.7 

-4.4 

-4.5 

359(a) 

8.8 

11.9 

5.9 

15.8 

14.8 

12.5 

8.8 

6.2 

7.7 

14.3 

11.0 

11.2 

Finite element number (see Fig. 11-4). 



TABLE 11-21 
COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS FOR STRIP CUTTING AND RING CUTTING EXPERIMENTS 

Element 

3 

4 

5 

6 

Position 

5 
15 
25 

7 
13 
23 

5 
15 
25 

5 
15 
25 

Change of Diameter 
During Irradiation, 

AD/D (%) 

Analysis 

-0.038 
-0.096 
-0.058 

-0.197 
-0.304 
-0,30 

Experiment 

-0.04 
-0.04 
0 

-0.09 
-0.217 
-0.188 

Change of Diameter 
After Cutting, 
ADi/Di (%) 

Analysis 

-0.145 

-0.085 

-0.055 

-0.066 

Experiment 

-0.05 

-0.036 

-0.102 

-0.069 

Change of Groove 
Distance After 
Cutting, AG/G (%) 

Analysis 

-1.26 

-0.8 

-0.7 

-0.74 

Experiment 

-0.929 

-0.78 

-1.31 

-1.21 

Bow of Strip 1, 
B-j (mm) 

Analysis 

1.61 

2.49 

1.79 
1.48 

1.69 
2.43 
2.26 

Experiment 

0.28 

-0.22 

-2.54 
0.06 

0.22 
-1.24 
-0.82 

Bow of Strip 2, 
By (mm) 

Analysis 

2.15 

2,9 

2,16 
1.85 

2.54 
2.76 
2.62 

Experiment 

0.88 

0.51 

-0.74 
0.35 

0.76 
0.39 
0.22 
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