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A BSTRA CT 

P-03 graphite, a premium fine-grained material, has been evaluated for NERVA 

reactor hardware. This grade i s  available both as regularly molded stock with a well-establ 

fabrication technology and as semi-commerical isostatically molded stock. Both versions of 

ihed 

P-03 hclve n high nnd relatively uniform density in the 1.85 + 0.03 g/cc range. The mechanical 

properties, shown below for the typical off-the-shelf stock, are very promising for structural 

appl i ca t ions: 

- 

METHOD OF NO. OF 
LOADING SPECIMENS STRENGTH (psi) 

Low Average High 

Tension 20 3,700 4,700 5,750 
Compression 50 14,400 20,000 22,800 

Youngs Modulus i s  i n  the 1.5-2x10 6 psi range. The thermal expansion coefficient, 

averaged between room temperature and 8OO0C (1473OF), i s  between 2.3 and 3.3 microinches 

per inch per F; for a l l  types of P-03 at higher temperatures the coefficient increases to a 

somewhat greater value. Electrical resistivity has also been determined; i t  shows good 

correlation with flexure strength. 

0 

P-03 has a fine grained microstructure; the pores between coke particles are small 

in  comparison with those ofmost other premium graphites. The large-scale structure i s  essentially 

free of  such defects as cracks, voids, and inclusions. Application of  P-03 graphite for reactor 

hardware should result in  major improvements. T h i s  report i s  intended primarily as a source of 

necessary data for the design and structural analysis purposes. 

1 
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INTRODUCTION 

General Remarks 

To meet the structural graphite requirements of the NERVA reactor and maintain CI 

wide margin of safety, a large number of commercial graphites have been surveyed to deter- 

mine the best product for each hardware application!' 2' These surveys disclosed that the 

highest strength properties were possessed by those graphites made from a small-particle mix 

formulation; however, such graphites could not be fabricated in  large shapes. Therefore, the 

most promising graphite for a particular application i s  that manufactured i n  a relatively small 

size, yet large enough to produce the hardware component. In addition, the molded graphite 

grades are preferred over extruded grades due to their better strength and flaw-free structure. 

As a result o f  this survey, one grade of graphite was selected as the most promising 
4 

material for potential NERVA applications. 

the Pure Carbon Company, Inc. 

This was a molded grade P-03, produced by 
5 

The reasons for selecting P-03 were the following: 

1. Excellent strength properties in  tension, flexure, and compression. 

2. High density and the associated good surface finish after machining. 

3. Flaw-free microstructure and low impurity content. 

4. We1 I-established fabrication technology. 

5 .  Manufacturer's capability for the scale-up in product size. 

6. Availability of  both regularly molded and isostatically molded products. 

7 .  Good radiographic uniformity. 

This grade was subsequently recommended for plunger pins, replacing i n  this aDplication an 

extruded graphite i n  which cracks and flow lines were frequently encountered. 

This report surveys the physical and mechanical properties of P-03 graphite for the 

benefit of  those dealing with structural graphite hardware i n  a l l  i t s  phases: design, machining, 

2 
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quality control, and performance evaluation. It i s  expected that the use of this high quality 

graphite wi l l  eventually be widened to include other graphite hardware components i n  the 

NERVA reactor. 

Description of Material 

Grade P-03 i s  a premium-quality molded graphite. The coke particle mix and the 

exact nature of the binder are considered proprietary by the manufacturer. 

nation treatment i s  known to be involved. The average particle size does not exceed 0.003” 

as compared to 0.006” for ATJ and 0.033”’ for H4LM molded graphites. With a smaller grain 

size, the graphite’s mechanical properties become more attractive, and hence this grade has 

been considered for those applications requiring a refractory material with excellent strength. 

No re-impreg- 

4 

The manufacturer produces P-03 by both conventional and isostatic molding tech- 

niques. This report w i l l  emphasize the conventionally molded stock used for the plunger 

pin hardware. The isostatically molded stock i s  a potentially excellent structural material 

for reactor applications when large monolithic pieces are required. This scafed-up isostatic 

P-03 w i l l  be treated separately i n  a future report; this material has been successfully fab- 

ricated in  six-foot lengths. 

Regularly molded stock i s  fabricated in both plate and cylindrical geometries 

(Figure la). The regular plate stock size i s  produced to the maximum dimensions of 

12 x 12 x 3 inches. Cylindrical stock i s  generally4.8 inches i n  diameter by 4.8 inches long. 

The manufacturer provides other shapes (notably as rough-molded hardware configurations) 

on special order. Owing to the dense, fine-grained microstructure, the thickest cross section 

that can be processedsuccessfully at this time through the carbonizing and graphitizing bake 

cycles i s  about eight inches; i n  the case of the isostatically molded version, for example, the 

semi-commercial product i s  about 7 1/4 inches i n  diameter and 21 inches long. 
4 

Evaluation tests on P-03 graphite have been conducted on the following samples: 
3 
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A. isostatically Molded Stock 

Sample No. 1: Phis was received as a machined cylinder 6.8 inches 

in diameter and 2 inches thick. I t  had evidently been trimmed from 

a larger pressing. 

Sample No. 2: This sample, roughly one-third of an isostatic pressing, 

was 7 114 inches in diameter and 7 inches long. 

Bo Regularly Molded Stock 

Sample No, 3: This consisted of trimmed plates 2 x 6 x 1 1/4 inches 

in  size, whose original dimensions are uncertain, Untrimmed plates 

4 x 4 x 1 , I ,  6 x 6 x 2, and 12 x 12 x '1.2 inches in  size were also in- 

cluded. 

Sample No, 4: Phis sample consisted of cylindrical stock about 4.5 

inches in  diameter and 4,5 inches long. 

These samples cover at  least five production (ots of  P-03 graphite, and therefore provide an 

indication of  its average and minimum properties. lo addition, the test results on P-03 plunger 

pins have been included to provide data on the actual hardware. 

4 
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EVALUATION PROCEDURES AND DATA 

PART I :  PHYSICAL PROPERTIES OF P-03 GRAPHITE 

Densi tv Measurements 

Graphite density was deieriiil;fid routlne!y frsm the weight-to-volume ratio for 

regularly shaped specimens such as flexure bars and compression cylinders. Density values 

provide a useful parameter for interpreting both the strength data and the structural quality 

of original stock. The individual density values w i l l  be routinely listed with their corre- 

sponding specimens. The following ranges were observed for various samples of P-03: 

SAMPLE DENSITY (g/cc) 
STOCK TYPE NUMBER Low Average High 
lsost. molded 1 1.87 1.88 1.89 
lsost. molded 2 1.82 1.84 1.87 
Reg. molded 3 1.83 1.84 1.85 
Reg. molded 4 1.82 1.85 1.86 

ATJ 1.60 1.73 1.84 

Density values for ATJ graphite (fabricated as a 9 x 20 x 24-inch molded block) have been 

given for comparison. The spread in density for P-03 graphite i s  smaller than that of ATJ, 

while the average value i s  higher; this difference results both from the fabrication in small 

stock size and a considerably finer particle mix. 

6 

Graphitic Structure 
~~ 

One specimen of P-03 graphite from the first isostatically molded sample was 

compared to ATJ graphite by x-ray diffraction analysis. Specimen densities had previously 

been determined as 9.88 g/cc for P-03 and 1.75 g/cc for ATJ. The comparative analysis was 

made on a Siemens x-ray diffractometer by two mc-+30ds: ( 1 )  measuring angular location of the 

intense x-ray l ine produced by diffracting the incident x-ray beam from the (002) basal planes 

in each graphite samplc,and (2) measuring the shape of the two overlapping lines produced by 

5 
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the x-rays diffracted from the (100: and (POI) planes i n  each sample. 

were obtained: 

The following results 

PARAMETER UNITS P-03 ATJ 

d (002) spacing Angstroms 3.37 3.36 

Half-width of  the 
(002) spacing Degrees 0.4 '1 0.40 

C parameter Angstroms 6.74 6.72 
0 

In addition, i t  was noted that the (JOO) (101) band split was somewhat more pronounced i n  

the AT9 sample, indicat,ing a more ordered crystallite structure than found for the P-03 

g rap h i te . 

The slightly broadened half-width of  the (002) l ine could be due entirely to the 

(002) 
smaller average particle size of  P-03 o s  compared to ATJ. The higher value of  d 

spacing for P-03 indicates a somewhat greater imperfection i n  its crystallite structure as 

compared with that o f  AT9 graphite; however, the ATJ i s  --in turn-- imperfect by 

comparison with the ideal 3.35 Angstrom value of  this spacing for the theoretical graphite 

lattice. I t  i s  concluded that a l i  of  the given differences are small enough to be neglected, 

and P-03 may be regarded as a truly graphitic material. 

Figure 2 presents a comparison between the microstructural features of P-03 and 

ATJ graphites. The smaller grain and poresize of  P-03 are clearly evident. 

Radiographic Inspection of P-03 

The first sample of  isostatically molded P-03 was radiographed i n  an effort to define 

its internal structure. 

1/32 inch) was found, corresponding to a well-defined inclusion of  some unknown x-ray- 

opaque substance. Sample thickness WQS 2.0 inches. 

No voids or cracks were detected. One small inclusion (size about 

6 
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In the case of regularly molded P-03 graphite twenty machined cylinders (size 

4.0" D x 4.0" L) were inspected radiographically during this material I s evaluation as 

an improved substitute for ATJ graphite. O n  thebasisof this inspection (both radial and 

axial exposures) fifteen of the twenty cylinders were accepted, and the remaining five 

rejected. The principal reason for the latter's rejection was the appearance of diffuse 

sFsfs stie&s Wjilijfi ;he graph;te, ;n&caf;ng :he psj"ble of !ow-den;A. 

reg ions. 

For the purposes of evaluation, the radiographic inspection of these cylinders was 

supplemented with the density measurements based on weight to volume ratio. The following 

results (including comparison tests on the hardware-grade ATJ graphite) were obtained: 

NO. OF RADIOGRAPHIC DENSITY (g/cc) 
Low Average High 

P-03 2 Ac cep t ed 1.847 1.851 1 -855 

P-03 5 Rejected 1.850 1.858 1.866 

ATJ 12 Accepted 1.684 1.740 1.808 

A TJ 12 Rejected 1.721 1.754 1.785 

- - GRADE SAMPLES STATUS 

These results indicate that radiographically rejected samples are characterized by 

somewhat higher densities than those samples which are accepted. Since graphite strength 

tends to increase with density, the acceptance of low-density samples for hardware fabri- 

cation i s  a potentially undesirable trend for both the ATJ and P-03 structural graphites. 

The limited data obtained during this evaluation are only preliminary, but they indicate 

a need for monitoring the density of individual samples as part of the graphite quality 

control program. 

In an effort to evaluate the strength of radiographically accepted versus rejected 

P-03 samples, one cylinder of each was chosen for'extensive mechanical tests at  room 

tern pe ra tu re: 

7 
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RADIOGRAPHIC STATUS SERIAL NC 
-q___ 

Accepted 

Rejected 

22854 

22850 

BER AVERAGE DENSITY - 
1.847 g/cc 

1.850 g/cc 

The choice o f  each cylinder was governed by the need for equal average densities and fairly 

large radiographic indications- Jnterpretation of  the radiographic inspection resu! t s  pointed 

to the presence of scattered regions of subaverage density, up to 0.4 x 0.5 inch i n  size. I t  

was expected that i n  machining a large number of small specimens any adverse effect of  these 

low-density regions would be readily demonstrated. However, the tests did not confirm the 

presence of  such defects; the detailed results are given as part of the Discussion. 

The rma I Ex pans i on 

1 WANL Measurements 

Thermal expansion measurements were made on specimens radiantly heated in a 

helium atmosphere between l10Oo and 250OOC (2100 to 453OOF). Specimen expansion was 

measured from the 2.00-inch reference length at room temperature. The lower temperature 

l imit was imposed by the two-color optics( pyrometer system for measuring the specimen's 

temperature; furnace temperature limitations imposed the upper l im i t .  

The measured values of  expansion were converted into thermal expansion coefficient 

by the conventioml relationship 
1 

x '- 

0 

- A L  
a =I- T- T 

O 

where a i s  the linear coefficient of thermal expansion i n  a given grain direction, averaged 

between the room temperature (To) and the test temperature (T). Table 1 summarizes the 

results. 

8 
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2. Other Measurements 

Thermal expansion of  the regularly molded P-03 graphite was determined for WANL 

Specimens 5/16 inch in diameter and 4.00 inches long 
7 

by a commercial testing laboratory. 

were heated in an electrical (wire-wound) resistance furnace. Expansion was measured by 

means of  a modified optical strain-gage system. The resulting values are believed to be more 

accurate than the usual industrial measurements obiained w i k  ii d;!atemetz:. 

values of the average thermal expansion coefficients are given in Table 1. Figure 3 summarizes 

these results graphically. 

G!c~!c~Pc!  

Electrical Resistivity 

Room-temperature measurements of electrical resistivity were made on selected 

flexure bars on a Kelvin Bridge (four-electrode) apparatus. The outer pair of  electrodes, 

spaced three inches apart, served to hold the specimen. The inner pair of electrodes, spaced 

2.5 inches apart, were pressed into contact with the specimen by a pneumatically-activated 

mechanism. This procedure minimized the contact effects; any measured variations in elec- 

trical resistivity would depend, therefore, on the material ' s structure. 
1 

Electrical resistivity was defined by the specimen geometry and resistance to electric 

current flow as follows: 

R = r  x 

R = electrical resistance of  the flexure bar 

L = inter-electrode span = 2.50 inches 

A =specimen's cross section 

r =electrical resistivity 

L 
A 

where 

Graphite resistivity i s  lower i n  the with-grain direction than across the grain due to the 

preferential orientation of the constituent particles that occurs during the conventional 

molding. Test results are summarized in  Table 2. 

9 
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Limited measurements of  high-temperature electrical resistivity were made on one 

specimen in conjunction with the thermal Conductivity determinations. Electrical resistivity 

values i n  Table 2 are corrected for the cross-section's change with thermal expansion. 

Figure 4 shows the variation of electrical resistivity with specimen density. 

Therma I Conduct i v i  t y  

High-temperature thermal conductivity was determined on one specimen machined 

from cylindrical regularly molded stock, Phis specimen was an electrically heated rod 

0.50 inch in  diameter and 4 inches long, equipped with threaded ends through which the 

electaical connections were secwred, its axis was oriented across the grain, hence providing 

heat flow radially i n  the with-grain directions, Temperature measurements were made with 

an optical pyrometer sighted on the surface and again into a small borehole; the latter was 

drilled to the specimen's center. The following values of  thermal conductivity were obtained 

for the with-grain heat flow in  P-03 graphite, together with comparison values for the ATJ 

graphite from the literature: 

TEMPERATURE TH E R M A  L CO RI DU CTlV ITY 

Cal-cm BTU-ft 

ft2 hr O F  
2 0  

cm sec C 
("CP (" F) 

A. Results for the P-03 specimen (Sample 4-a) 

1100 201 2 0. I50 36.3 
1600 2912 0.110 26.6 

B. Comparison data for AT$ (literature, ref. 8) 

1100 2012 0.724 30.0 
1600 291 2 0,103 25.0 

The thermal conductivity of  P-03 i s  somewhat greater than that of ATJ graphite. 

10 
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PART II: 

General 

MECHANICAL PROPERTIES OF P-03 GRAPHITE 

Conventional molding of graphite imparts an across-grain preferential orientation 

along the molding vector, together with the with-grain orientation perpendicular to this 

vecto'r. Tensile strength i s  low when the stress and molding vectors coincide, and high when 

they are mutually perpendicular. For the compressive strength measurement, this relation i s  
3 

reversed. 

In the case of P-03 graphite, the above considerations are not entirely applicable. 

The size of constituent particles i s  smaller than that usually encountered in  the conventional 

graphites, and the particles tend to be rounded. During a molding operation these small 

particles have less tendency to assume a Preferential orientation than do large plate-like 

coke particles. The mechanical properties of P-03 consequently exhibit a greater uniformity 

and higher strength values when compared to the conventional molded grades. 

Tensile Strength and Elongation 

Tensile properties of P-03 Eaphite were determined on a thread-loaded L-2 specimen 

(Figure l-b) whose nominal gage section i s  0.25 inch in  diameter and 1.0 inch long. The 

total specimen length i s  4.0 inches. (Ref. 1, Fig. 1). High-temperature tests were carried out 

on radiantly heated specimens in  helium or argon atmospheres. Specimens were tested at a 

strain rate of  0.02 inch per minute. A l l  fractures occurred either in  the gage section (Figure 

l-b) or at  the point of the inner f i i let 's  tangency. 

The fracture behavior of L-2 specimens was noted to be consistent over a wide range 

of temperatures. Specimens tested at  room temperature exhibited a single fracture i f  

relatively weak; the strongest specimens broke with two fractures. In the 1000 to 250OOC 

(1830O to 453OOF) range, there were generally two fractures in  a specimen, while at still 

1 1  
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higher temperatures a single fracture was again cbsewed, A similar behavior had been noted 

for the AT$ tensile tests. The second (and occasionally third) fracture i s  probably caused by 

the load train's backlash after the specimer.'~ init ial fuilure, Further aspects of  this phenom- 

enon have not been investigated, 

The length of high-temperature specimens wes measured with a micrcjmeter before and 

after each tensile test i n  order to define rhe magnitude of permanent elongation. While 

graphite i s  a brittle maierial, i t  does nevertheless, have a small capacity for undergoing a 

quasi-plastic permanent set i n  respwse to applied loads, in addition to the usual elastic 

strain, The Patter disappears upon unloading the specimen, while the permanent set remains. 

Since the gage section i s  one inch long (plus a small length contributed by the tapered 

fillets), the measured elongation i s  numerically equcl to the permanent strain i n  the specimen. 

At  room temperature, the magnitude of permanent elongation did not exceed 0.001 inch, 

the lower limit of occuracy for the micrometer measurement technique used in this study. 

Tables 3-a and 3-b summarize the results from a l l  tensile tests, The first part covers 

isostatic P-03 graphite, while the second deals with the regularly molded stock. The 

identity of  test stock samples has been preserved for the purposes of  inter-comparison and 

statistical analysis of date. Figure 5 shows the variation of individual tensile strength 

values with temperature. The expected increase of strength with temperature i s  readily 

evident; at  2400 C the tensile strength of  P-03 Os nearly twice that at room temperature. 

Specimen elongation i s  given in  Figure 6; i t  i s  seen to increase rapidly with temperature. 

Most of this elongation i s  confined to the gage section and the inner fillets; the approximate 

proportion i s  estimated in  a later section" 

0 

Preliminary Creep Tests 

A limited number of high-temperature creep tests was made in  tension on L-2 

specimens as a supplement to the tensile test program, Each specimen was heated in  a 

12 
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helium atmosphere to the test temperature, and held for at least one hour to attain equilibrium. 

I t  was then stressed by a dead-weight loading arrangement; the init ial stress was about 5% 

higher than the test stress(see the insert in  Figure 71, i n  order to overcome any friction slip- 

page effects i n  the load train. Specimen length was measured before and after the creep test 

wi th  a micrometer. In addition, the separation of two fiducial lines (engraved on the fillets) 

was determined wi th  a rooimaker's microscope. Tab:e 4 s u i i ; i X i i i Z G S  thc creep !est cc?nd!t!cns. 

Figure 7 shows the specimen elongation under load as a function of time. 

Flexural Strennth Tests - Circular Cross Section 

Ten cylindrical rods, (0.374-inch diameter, 4.0 inches long with-grain orientation) 

were first tested in  three-point loading, with 1.0-inch outer span. Their long fragments were 

then re-tested in loading, wi th  a 1.0-inch inner span and 3.0-inch outer span. A l l  these 

specimens were machined from regularly molded 4 x 4 x 1 1/4-inch plate stock. In addition, 

fifteen three-point tests were made in  cut-down plunger pins machined from a different lot of 

the same size stock; these pins had been originally intended for reactor hardware, but were 

rejected for minor radiographic (x-ray) irregularities. A l l  tests were made with a 0.02-inch 

per minute cross-head rate. 

Table 5 summarizes the test results, while the individual values are plotted as a 

function of  density irr Figure 8. Flexural strength i s  seen to increase with density for both the 

three-point and four-point modes of loading. 

In addition to the results listed in Table 5, twenty-seven regular plunger pins (re- 

jected for minor radiographic irregularities) were tested in  three-point loading. Their den- 

sities wePe not determined, and these results are hence excluded from this table; they are 

summarized below: 
High 9640 psi 
Average 8800 psi 
Low 7450 psi 
Extremely low 6070 psi 

13 



The lost result was obtained on one pin with a readily visible surface defect, and i s  not 

regarded as being chcracteristic of the regular pins. 

Flexure Strength Tests - Square Cross Section 
_________-_I 

Flexure tests made on cylindrical specimens are not entirely suitable for evaluation 

prpcsez Seczuse the site of maximum ter,sile stress i s  confined to a small portion of the total 

surface. Since the irritiai fracture c I  igtnate, ut this s; te, the apparent strength of a specimen 

w i l l  be influerced by any surface irieguEa,ities preseffit i n  its vicinity. Specimens with square 

or rectangular cross secticr have u mo'e unifo*F btress distributiont and reflect more nearly 

the quality of graphite The muioirity of flexure tests intended for evaluation purposes were 

made on specimens having a square crois iectic-r 

Specimen size was generwily 7/J6 x 7/76 x 3 1/2 inches, but smalier bars were used 

Specimens wefe loaded i n  a four-point test, generally with a 

The loads were applied with rounded steel pins; for 

cccasionally where indicated 

OeO2 inch per minute platen motion late 

the regular test the pins were spaced 3-0 ihches apart for the outer span (tensile face) and 1.0 

inch apart for the inner span, This i s  called the third-point arrangement. Table 6-a summarizes 

these results for the isostat;cylly molded P-03, while Table 6-b presents results for the regularly 

molded P-03 

Figure 9, where the with-grain flexure strepgth of ATJ graphite has been added for comparison. 

i t  i s  seen that wRiEe the derdify of reguiariy molded P-03 i s  only slightly higher than that of 

ATJ (1,84 versus 1,72 g/cc), its flexure strength i s  neuily twice as large. 

The distribution of individu31 test results with specimen density i s  shown i n  

Vibration Fatigue Test 

Preliminary vibration fatigue tests were made i r z  flexure on specimens machined from 

trimmed plate stock 

load machine. Vibration frequency wa, i.,OO cycles per minute. The specimens were clamped 

at one end between a pedestal and a top plate] the other end was bolted to a pivoted connecting 

These tests were conducted with a BaIdwin-Hamiltonmodel SF- 2 constant 
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fixture which transmitted the siunsoidally varying bending load. (2 1 

The specimen's design (Figure 10, insert) was that provided by the manufacturer for 

testing sheet metal stock. The gage section was tapered to provide an equal stress distribution 

across its length; had the specimen been designed with a constant rectangular cross section, the 

peak stress would have been confined to the clamped end's base, I he specimen was 2.25 Inch 

thick, with an over-all length of 4 inches, and a maximum width of 2 inches. 

-I 

The following results were obtained for the init ial runs: 

SPECIMEN 
NO. 

PEAK 
STRESS 

LIFETIME FRACTURE 
SITE* 

*Distance from the base 

~ 

(psi) 

5000 

3000 
4000 
4500 

4800 
5200 

5000 

5100 

~ ~~ 

(cycles) 

(10 
6 (0.233 x 10 ) 

(0.228 x IO6) 

(0.201 x 105 
6 

6 (1.032 x 10 ) 

6 . 7 4 9 ~  lo6 

21.915 x 10 

(1.0 x 10 ) 

6 

~~ 

(inches) 

1/4 

The lifetime values i n  parentheses represent those tests which were arbitrarily terminated without 

achieving failure. The following results were obtained in the latter cases upon a subsequent re- 

run: 
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SPECIMEN 
NO" 

PEAK 
STRESS 

(Psi) 

5400 

5 300 
5 Y 00" 

4800" 

5200* 

4 5 100" 

LlFETCME 

(1 0 

FPACTURE 
S l T t  

(inches) 

_I-_ --- 

3/4 

3/8 

1 1/8 

3/8 

'Re-test a t  previous stress level 

Ail  fractures occurred within the reduced section, between 'P/4 and 1 Y/8 inches from the base; 

the most common \ d u e  WJS 3/8 Fnch. No fractures occurred a t  the minimal cross section 

located about T P/2 inches from the specimen's base. 

Both the original and re-run fractures for specimens breaking below ten cycles were not 

expected. They may have been caused by transient overloads at the start-up; this seems 
6 6 

probable because specimens No. 7 and No. 8 broke only after 6.75 x 10 and 21.9 x 10 cycles, 

respectively. 

To obtain comparison data for the above tests, the base portion of fatigue specimens 

No. 1, 2, and 3 was sectioned into 0.25 x 0.50 x 2.0-inch flexure bars. For specimen No. 2, 

the bars were pamilel to the vibration specimen's length, while for the other specimens, they 

were perpendicular, ail, however, had with-grain orientation. The bars were tested a t  0.2-inch/ 

minute loading rate, with 0 5-inch inner span and 1.5-inch outer span. The following results were 

obtained: 
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FATIGUE SPECIMEN 
NUMBER 

FLEXURAL 
STRENGTH DENSITY 

(g/cc) (psi ) 

1.835 

1.840 

1.825 

1.826 

1.831 

3 1.846 

1.848 

Average 1.837 
Std. Deviation ---- 

8370 

7655 

79221 

81 10 

8075 

7830 

8310 

8040 

256 
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A l l  results are summarized in  Figure 10. Control flexure tests gave an average strength of 

8040 psi, with a 256-psi standard deviation; the minimum expected flexure strength, defined 

as the average less three deviation deviation values, i s  7270 psi. The specimens broken i n  

vibration had an average flexure strength (neglecting any transient overloading) of only 

5155 psi, corresponding to a hypothetical stress concentration factor of 1.56. 

Compression Tests 

The compressive strength of P-03 graphite was determined on small cylindrical 

specimens of  0.5-inch diameter and 0.9-inch length. The load was applied by steel platens 

at a rate o f  0.02 inch per minute. Specimen densities were determined from the weight/ 

volume ratio as an auxiliary parameter. Table 7-a summarizes compression test data on the 

isostatically molded P-03 samples. Data for the regularly molded stock i s  presented i n  

Table 7-b. 

Figure 11 shows the individual test values for a l l  compression specimens. For the 

regularly molded stock, the with-grain compressive strength i s  seen to be several 
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thousand psi greater than the across-grain strength. Results for the isostatically molded stock 

are intermediate, in excellent agreement. For comparison, the strength of ATJ graphite i n  

compression i s  generally below 10,000 psi, in contrast to the 16,000 to 24,000 psi range for 

the P-03 graphite. 

Stsess-Strain Curves for P-03 
~ 

Room-temperature stress strain curves were determined for P-03 graphite by cementing 

resistance strain gages to typical tensile, flexural, and compression specimens. These specimens 

were loaded to destruction, with one or more intermediate load cycles imposed to define the 

stress-strain curve in greater detail. 

Tensile Curves 

Figure 12 shows the tensile stress-strain relationship for isostatically molded graphite. 

The curves were determined on a radially oriented L-2 specimen, machined from Sample No. 1; 

the specimen density was 9.88 g/cc. An insert in  the figure demonstrates how the permanent 

set within the specimen increases with the preload. 

Figure 93 presents the tensile stress-strain curve for regularly molded P-03, as deter- 

mined on a with-grain specimen. 

Compression Curves 

A stress-strain curve i n  compression was determined on a typical cylindrical specimen 

machined from regularly molded graphite (Sample No. 4-d) i n  the axial orientation. Figure 14 

presents the stress-strain curve for this specimen. An insert i n  the figure shows how the per- 

manent set i n  this specimen varies with the peak stress. 

Fl exu re Curves 

Po confirm the general shape of stress-strain curves i n  both tension and cmpression, 

one flexure specimen (machined axiully from the second isostatic sample of P-03) was equipped 

with strain gages and tested to fracture. 

are presented in Figures 15-a (tensile face) and 15-b (compressive face); they indicate that the 

Specimen density was 1.840 g/cc. The test results 
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strains are linearly proportional to stresses at  low loads. 

Generalized Stress-Strain Curve 

Figure 16 shows the general relationship of stress to strain for ini t ial  loading. It 

combines the pertinent data from Figures 12 through 15 with similar results determined on 

additional specimens. From this combined data i t  i s  seen that thesecant Young's modulus 

of P-03 graphite i s  about 2.0 x 10" psi at low stress levels; this modulus decreases to about 

1.5 x 10 psi near the fracture stresses. The tangent Young's modulus i s  equivalent to the 

secantmodulus at low stress levels, but varies considerably more than the latter at high stress 

levels. Figure 16 i s  not applicable to the stress-strain behavior of pre-loaded specimens; 

in  this instance, the detailed original curves should be considered. 

I 

6 

The dependence of permanent set on the peak pre-load stress has been summarized 

in  Figure 17. Permanent elongation i s  seen to be larger than the permanent contraction 

at identical pre-load stresses. The data from flexure tests are not i n  agreement with results 

of  the pure tension and compression tests, for reasons presently undefined. 
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DISCUSS 10 N 

PART I: PHYSICAL PROPERTIES OF P-03 GRAPHITE 

Density, Microstructure, -- - and Strength 

Mechanical properties of  graphite are governed largely by i t s  particle size, density, 

and the degree of anisotropy within the structure. Grade P-03 i s  p=rticu/a;ly promising for 

structural applications because of  i t s  fine-grain microstructure, high density, and high strength 

in  the general Py weak across-grain direction. 

resistance to abrasion, and close dimensional tolerances on hardware components. 

4 High densities promote good surface finish, 

The advantages associated with both high density and isotropic microstructure are 

evident from the following comparison of three structural graphites: 

PA RAM E TE R UNITS P-03 ATJ* Z TAX 

Av. Density g/cc 1.85 1.73 1.94 

Teqsile Strength 
With-grain psi 4500 3355 (380) 4400(670) 
Across-grai n psi 4500 2935(120) 1530(300) 

Compressive Strength 
W i th-gra i n psi 2 1,000 827O( 'I 030) 71 OO(1480) 
Across-grai n psi 19,000 8540(1150~ 12,600(1630) 

Thermal Expansion (20 - 100°C) 
F- ; 2.43 1.22 0.35 With-grain 

Across-grain O F- 2.88 1.90 5.0 

Electrical Resistivity 
With-grain milliohm-cm 1.75 1.10 0.70 

0 

Across-grain milliohm-cm 1.95 1.45 2.2 

*Test results obtained from Ref. 9 

It i s  evident that both P-03 and AT9 are relatively isotropic i n  their behavior, with P-03 

graphite being the stronger grade. Both are molded graphites produced without reimpregnation 
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treatments. P-03 i s  also stronger than the dense grade ZTA; the latter, fabricated by a hot- 

molding process (with temperature about 28OO0C, or 5O7O0F), i s  strongly anisotropic i n  both 

physical and mechanical properties. Both ATJ and ZTA grades are used to manufacture NEWA 

hardware, and on the basis of the above comparison, both may be replaced with P-03 graphite 

for improved performance, provided the other parameters are compatible with an intended 

application. 

Figure 2 compares the microstructure of P-03 (regularly molded version) and ATJ 

graphit. on photomicrographs taken at 1OOx magnification. The ATJ picture demonstrates 

the tendency of small coke grains to cluster into larger structures, thereby leaving large inter- 

granular pores between the latter. This clustering tendency i s  not as pronounced i n  regularly 

molded P-03, which therefore retains the original fine-grained particles and has very small 

pores i n  comparison with ATJ. 

lo both i t s  finer particle mix and small pore size. 

The higher strength of P-03 graphite i s  thus attributed 

Electrical Resistivity 

Resistance of graphite to the passage of electrical current provides a useful index of 

i t s  microstructure and the degree of graphitization. Electrical resistivity i s  a factor which 

takes into account both the specimen's resistance and dimensions; this factor i s  therefore 

dependent only upon the structure for its magnitude. It i s  higher i n  the across-grain orien- 

tation jhan with the grain, and decreases somewhat with the higher graphitizing temperatures. 

Resistivityalsodecreaseswith higher bulk density. since 

ova i I a bl e. 

more conductive paths become 

Figure 4 summarizes the variation of resistivity with density for both the regular and 

isostatic types of P-03. Most of  the available data i s  for the 4.5"D x 4.5"L cylindrical stock. 

The following average values are obtained in this case: 
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SAMPLE ORIENTATION SPECIMEN DENSITY RESISTIVITY 

4-c W G  1.851 1.754 
A G  1.851 1.964 

(g/cc) (mil  I iohm/cm) 

4-d W G  
A G  

1.849 
1.850 

1.762 
1.980 

The anisotropy in  resistivity i s  about 12%, indicating that this stock i s  expected to have 

relatively uniform properties in  a l l  directions. Resistivity data for isostatically molded P-03 

i s  not sufficient to find the anisotropy, but its value should not exceed that of the cylinder 

stock, 

From Figure 4, i t  i s  evident that the electrical resistivity of  P-03 plate stock (measured 

only i n  the with-grain direction) i s  considerably less that that of with-grain cylinder stock, 

This indicates that the plate stock has a more well defined grain orientation, and therefore 

greater anisotropy (as would be expected from the stock's large width/thickness ratio). 

Analysis of  the resistivity versus density data leads to the relationship I 
1 , 

xii Loglor = -4.590 + 8.850 

with r = electrical resistivity (milliohm-centimeters) and d = specimen density within the 1.80 

to 1.86 g/cc range. The constants in  this equation have been evaluated only for one lot of 

plate stock and may not be applicable for other lots. In view of  the anisotropy differences 

between plates and cylinders, this formula does not apply to the latter. 

Resistivity of P-03 graphite increases at cryogenic temperatures, but decreases to a 

minimum at elevated temperatures; this behavior conforms to that of other molded graphites. 

The following variation has been determined from preliminary dataof Table 2: 
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RESISTIVITY AT TEST TEMPERATURE TEST TEMPERATURE RATIO: RESISTIVITY AT ROOM TEMPERATURE 
(OC) e F) OO 

-196 -320 

30 86 

23 73 

1095 2003 

1216 2220 

1312 2394 

1433 2610 

143.5 

100.0 

100.0 

60.8 

60.5 

60.9 

61 .O 

Thermal Expansion 

Thermal expansion of graphite i s  considered here as an averaged coefficient of linear 

expansion between the room and test temperatures. This coefficient tends to increase with 

test temperature, and i s  always higher in  the across-grain direction than with the grain. I t s  

magnitude i s  generally lower for gmphites than for other structural materials; this complicates 

the problem of attachment to non-graphite materials by creating interface stre~ses.~ For P-03 

however, the expansion coefficient value i s  greater than for the regular graphites, and the 

interface stresses would tend to be somewhat decreased. 

Thermal expansion coefficient i s  shown in  Figure 3 as a function of test temperature 

for both regular and isostatically molded graphites. For isostatic P-03, the expansion at 

high temperatures (up to 248OoC or 45OOOF) i s  nearly independent of orientation; the anisotropy 

i s  less than 10%. The data from each isostatic sample are i n  excellent agreement. 

In the case of regularly molded P-03, the expansion measurements on one with-grain 

and one across-grain specimen machined from cylindrical stock show the anisotropy of about 

20%. For plate stock, only the with-grain measurements are available, but the anisotropy must 

be higher than that of cylinders due to the more pronounced grain alignment within the plates. 
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Thermal expansion in the with-grain direction i s  nearly equal for specimens machined from 

both large (12 x 92 x 1,2 inches) and small (4 x 4 x 1.1 inches) plate stock; the values are 

smaller than those for cylindrical stock. 

It should be noted that high temperature and intermediate-temperature measurements 

of thermal expansion (Figgre 3) were made with different equipment and on different stock. 

The high-temperature test results are available only for isostatic P-03 graphite, while the 

regularly molded P-03 has been tested entirely in  the intermediate range. Test results for 

the regular stock are considered more reliable than those for the isostatic stock because 

equipment calibration a t  the intermediate temperatures i s  superior to that available at high 

tempera tu res. 
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PART II: MECHANICAL PROPERTIES OF P-03 GRAPHITE 

General 

Mechanical properties of P-03 were briefly treated i n  the earlier discussion. Compari- 

son of this gmde with ATJ and ZTA gmphites showed the advantages associated with the high 

density and iow anisotropy uf P=O3. This sectinn wi l l  cover mechanical properties i n  greater 

detail, with an emphasis on the regularly molded material. 

Tensile Strength - Room Temperature 

Regularly Molded Stock 

The tensile strength of regularly molded cylindrical stock has been adequately in- 

vestigated in  both the with-grain (radial) and across-grain (axial) orientations. Test results 

have been summarized in  Table 3-b. The anisotropy between these two directions i s  less than 

the magnitude of  one standard deviation. Their tensile strength values are combined for in- 

creased numerical sampling, assuming the strength of cylindrical P-03 stock i s  nearly inde- 

pendent of  orientation. The following results are then obtained, i n  the order of increasing 

st ress at fracture: 

Cumulative Tensile Strength Orientation Cumuiative Tensile Strength Orientation 
Rank* (psi) W G  AG I Rank* (psi) W G  AG - -  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

3700 
3790 
4070 
4100 
4 100 
4400 
4 300 
4460 
4470 
4540 

X 
X 
X 
X 
X 
X 
X 

X 
X 

X 

Average = 4680; Std. deviation = 564 
*By failure 

1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 

47-3 X 
4 10 
4 870 X 
4890 
4 930 X 
5000 X 
5090 X 
5570 X 
5640 
5740 

X 

X 

X 
X 
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These data for twenty-one specimens tested at room temperature give a tensile strength 

that varies between 3700 and 5740 psi, with a median a t  4790 psi. 

The across-grain specimens tend to be stronger than the with-grain specimens, which 

i s  not generally the case for the usually well-oriented molded graphites. This difference i s  

rea/, ana cannot be attributed to improper identification of the tensile specimens. Measure- 

ments o f  electrical resistance on unbroken specimens confirm their orientations: 

SA MP LE 0 R P E N TA T IO N RES I S TA N CE 

(mil I iohms) 

4-c W G  23.3 

23.5 

23.7 

4-c A G  28.9 

4-d WG 23.3 

23.5 

4 -d AG 26.7 

T E N S  I LE STRENGTH 

(psi) 

4070, 4790, 5090 

4100 

3700 

4890, 4890 

4400, 4430, 4930 

3790, 4100 

4460, 4540 

Specimen resistance was measured with a 2.5-inch span centered on the shoulders imme- 

diately below the threads. 

The higher tensile strength of across-grain specimens i s  evidently due to both the 

fine-grained particles and a rather large shrinkage of the cured mix during the sub- 

sequent bake treatments. This shrinkage compensates for much o f  the preferential 

particle orientation established when the mix i s  first molded. The shrinkage i s  beneficial, 

however, i n  achieving the high final packing density necessary to attain the high strength 

of the fully graphitized material. The relatively isotropic physical properties of cylindrical 

stock are thus possibly explained by the de-orientation effects o f  shrinkage. 

10 
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In the case of regularly molded P-03 plate stock, the with-grain tensile strength 

was 6390 psi (one specimen); this was the highest value ever obtained after: many tests on 

both P-03 and ATJ graphites.6' The plate stock was not thick enough for across-grain 

tests; however, the pronounced orientation effects and the high with-grain strength suggest 

the values of 4000 to 5000 psi for the across-grain tensile strength of the plate stock. 

Isostatically Molded Stock 

Six tensile tests were made at room temperature on isostatic stock. Their results 

fall entirely within the tensile strength range of regularly molded cylindrical stock. The 

first sample of isostatic stock was stronger than the second sample, due to the differences 

in  density: 

SAMPLE ORIENTATION DENSITY TENSILE STRENGTH 

(g/cc> (psi) 

No. 1 Radial 1.88 5 130, 5680 

No. 2 Axial 1.84 4080, 4140, 4280, 4400 

I t  i s  evident that the isostatic molding process for P-03 graphite results in an epel lent  

s t ruc tu ra I mate ria I .  

Tensile Strenath and Elonaation at Hiah Temoerature 

High-temperature tests on P-03 graphits were made on specimens from both the 

isostatic (Sample No. 2 only) and regdarly molded (cylindrical) stock. The specimens 

were tested at several temperatures i n  the 1000° to 280OoC (1830' to 507OOF) range. 

The results (Figure 5 )  show that tensile strength of both the regular and isostatically 

molded P-03 graphites increased with temperature to a maximum at about 240OoC (4350OF); 
at this maximum, the tensile strength was nearly 100% greater than at room temperature. 
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Although classed as a britt le material, graphite does have a finite elongation before 

fracture; the magnitude of this elongation increases rapidly with temperature, increasing 

by a factor of  about 100 between room temperature and 280OoC (5O7O0F), as shown in  

Figure 6 ,  

Specimen elongation WGS determined by three techniques. The simplest method was 

based on measuring the length of L-2 specimens with a micrometer before and after the test. 

At  room temperature, this difference did not exceed 0.001 inch (one mil), but at high tem- 

peratures i t  was as high as 0.030 inch. This method was not suitable for those specimens which 

broke into three or more fragments. A comparable method involved the measurement of  

separation between two fiducial marks with a toolmaker’s microscope; the marks were placed 

on the inner fillets, about 0.22 inch above the point of f i l let  tangency, i n  order to avoid 

their influence as local stress-ruisers. This second method was perhaps ten times more 

accurate than the first. Finally, the room-temperature strains were measured directly by 

means of  a strain gage, and resulting elongation in  the gage length determined directly; 

this sensitive method permitqed the elongation to be determined both before and after the 

fracture, and thereby define the magnitude of both elastic and permanent strain i n  graphite. 

In the case of  creep tests, the elongations were measured both by the micrometer and 

toolmaker’s microscope methods. These data are compared below: 

MICROMETER DATA MICROSCOPE DATA CA LCU LA T I  0 NS 

Specimen Specimen Section Sec tiona I Gage Gage 
Length Elongation Length Elongation Leng t h E I onga tion 

( ino) (mils) ( in*) (mils) (in.! (mils) 

4.0 3 1.42 2.2 1 .o 1.7 

4.0 7 1.45 6.1 1 .O 4.63 

4.0 9 1.43 5 “4 1 .o 4.15 
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This comparison shows that only about 55% of the unbroken specimen's elongation occurs 

within the gage section. The permanent strain to fracture i s  thus numerically equal to 

about one-half of the broken specimen's elongation. 

Flexural Strength of P-03 Graphite 

Flexure tests were made on specimens machined with both square and circular cross 

sections. Specimens with the square cross-section give values that are characteristic of the 

material's properties. The round specimens, on the other hand, are similar to reactor hard- 

ware (plunger pins), and are thus suitable for quality control testing. The test results for 

round bars are given in Table 5, and for square bars in  Table 6. The use of more complex 

shapes for flexure tests on graphite i s  ruled out by the extra machining effort, with only 

marginal improvement i n  the results. 

Interpretation of  flexure data for both the round and square bars involves a funda- 

mental assumption that these tests were made successively on the same specimen of reasonably 

uniform density. Three-point tests give an average flexure strength of 9490 psi, with a 

standard deviation for ten tests of  1320 psi or 13.9% of the average, Four-point tests gave 

8080 psi average, with 970 psi (12.0%) deviation. Specimens with a square cross section 

but equal loading spans gave 8255 psi (average of 2 tests); this average value i s  about 

500 psi 

density. 

specimens would be about 500 psi less than the results from round specimens, although this 

comparison needs confirmation. 

lower than the flexure strength results obtained on round specimens of the same 

It i s  hence inferred that the four-point flexure strength of square cross section 

Previous work on ATJ molded graphite had shown that the failure of square flexure 

bars i s  governed primarily by irregularities on the tension surface.6 P-03 graphite should be 

governed by the same factor. None of the test specimens exhibited cracks or chipped-out 

regions, and the breakage rate in  machining was negligibly low. After testing, a l l  fractures 
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were found to be limited to the inner span, where the tensile-face stress i s  a maximum for 

any given load. A l l  of  these considerations show that P-03 graphite has a relatively defect- 

free structure, 

Figure 9 compares the flexure strength of P-03 and ATJ on the basis of density. 

ATJ values are based on 18 four-point flexure tests for the regular specimens machined in  the 
6 

with-grain (strongest) direction; across-grain average strength would be about 600 psi lower. 

The advantage of high density is readily demonstrated for P-03 graphite, since its strength i s  

at Yeast 50% higher than that of AT$, 

Bending Fatigue Strength of P-03 Graphite 

Fatigue behavior of graphite ha5 not been extensively investigated, although the 

influence of alternating stresses i s  expected to reduce the value of minimum design load in  

much the same manner as for cast iron. Preliminary measurements were therefore undertaken 

on P-03 graphite as a part of this evaluation; the tests were limited to with-grain specimens 

machined from plate stock. The experimental procedure was described earlier; test results 

are summarized in  Figure 10. 

The fatigue specimens broke at 5155 psi average flexural strength, in  contrast to the 

control flexure strength o f  8040 psi. Specimen failures occurred either upon the init ial  

loading, or after several mil l ion cycles of fatigue exposure. There was no evidence for the 

progressive decrease of strength with exposure to vibration, such as found recently for the 

molded fiber-base graphites, 

have been subjected to the start-up overloads; they are assumed to have failed during the 

first quarter of the loading cycle when surface stress in  the gage section i s  a t  its maximum 

value. The experimental technique was such that ini t ial  failures could have occurred be- 

tween 1/4 and 5 cycles; the fatigue machine's pre-set frequency of 1800 cycles per minute 

made i t  difficult to follow the test visually. 

2 
The P-03 specimens that failed during the init ial loading may 
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Once p a s t  the init ial  loading, some specimens underwent a mil l ion cycles without 

a fracture. However, upon a re-start at  the previously safe or even lower peak stress, many 

of  the surviving specimens broke again during the init ial  loading. A l l  fractures were con- 

fined to the gage section, regardless of  whether the specimen broke in i t ia l ly  or after several 

million cycles. Comparison o f  a l l  fatigue results to control flexure tests indicates that the 

former may be affected by a hypothetical stress cor)centration factor of i 56. The iiatiiie of 

this factor i s  not clear at this time. 

Compression Strength of P-03 Graphite 

Compression test results on P-03 (given in Table 7 and summarized in  Figure 11) are 

in the 20,000 + 3000 psi range. A l l  tests were made on small cylindrical specimens 0.50 inch 

in diameter and 0.90 inch long. Examination of  the crushed specimens indicated that the 

original fractures were located within about 1/4 inch of one of the loaded faces. These 

fractures formed a V-shaped wedge pointing into the specimen. The subsequent fractures 

were due first to the disrcrptive influence o f  the wedge, and later to the buckling-type 

failure of the axially oriented secondary fragments. 

- 

The mechanism of failure in a compressively loaded graphite cylinder i s  deduced to 

be the following: 

Stage 1: Original Failure 

This i s  the l e a s t  known aspect of the failure mechanism. The disrupted 

surface and characteristic geometry of the wedge-shaped fragment (Stage 2) 

indicate that ini t ial  failure in the specimen may be governed by a shear- 

dependent mechanism. it may be mentioned that compression tests on well- 

oriented extruded graphites (compressive strength about 9000 psi) tend to 

produce a clean fracture with a single surface, as i f  only one-half of the wedge 

were present. 
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Stage 2:: Wedge Formation 

Following the original failure near one of the loaded faces, a 

wedge i s  rapidly formed, Post-fracture examination of  this wedge shows 

that its faces have a dark powdery appearance (Figure l-b) as i f  dis- 

rupted by sliding under a severe load. The wedge points toward the 

undisrupted end of the specixen. Compression strength vaiues probabiy 

reflect the nominal stress at which this wedge i s  formed, since they are 

based on the first discontinuity in the load-versus-deflection curve. 

Stage 3: Wedge Splitting - 
Upon continued loading, the wedge splits the specimen into two or 

more axial fragments, The interface surfaces between such fragments have 

distinctly different appearance than those associated with the wedge, and 

resemble the fracture surface of tensile or flexural specimens. 

Stage 4: Buckling 

Continued application of the load causes the irregular axial frag- 

ments to fail by buckling. Further loading would, of  course, simply break 

up the various larger fragments. Compression tests were rarely taken to 

the buckling stage. 

Pre-fracture behavior of loaded P-03 cylinders i s  defined by the strain-gage data i n  

Figures 16 and 17. Init ial loading produces a linear stress-strain curve to perhaps 10,000 psi. 

Upon continued loading, the structure becomes less rigid, possibly due to a disruption or re- 

alignment o f  binder bridges between the particles; the slope of the stress-versus-strain curve 

then decreases somewhat. Above about the 15,000 psi level, graphite seems to regain i t s  

rigidity, probably due to the closing up of the smaller pores within the structure. Near 

20,000 psi stress levels the specimen fails, undergoing the previously described fracture 

sequence. 
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Frac tu re S ta t i s t i  cs 

Being porous and britt le materials, a l l  graphites exhibit a large variability i n  their 

mechanical properties. Grade P-03 i s  expected to show some of this variability, particularly 

when the results of a given test on the reasonably homogeneous material are considered for a 

large number of specimens. 

Reasons for Strength Variation 

The strength of graphite i s  influenced by the following factors: 

1 ~ Microstructural details (particle type, size, shape; binder bridge strength; 

pore geometry and fraction). 

2. Structural defects (voids, cracks, regions of higher and/or lower than 

average density, high ush areas). 

3. Packing density (specimen density after graphitization). 

4. 

an isotropy). 

Preferential orientation of the particles (with-grain and across-grain 

5. Degree of graphitization. 

Further factors (in particular, neutron irradiation) cannot be considered at this time because 

of the absence of data. 

Being a premium grade of graphite, P-03 i s  produced with practially no gross 

structural defects; i t  has a relatively uniform degree of graphitization, and a uniformly high 

packing density. Due to the small particles predominant in  the original mix, and the 

shrinkage effects during init ial  carbonization of the binder, the preferential orientation i n  

the graphitized material may be neglected for cylindrical raw-stock. Thus, only the 

microstructural details remain as the major variable influencing the strength of P-03 graphite. 
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Evaluation tests on P-03 have not been numerous. However, i t s  uniform density and 

relatively isotropic properties permit the data for several stock batches and a l l  orientations 

to be compared together for any strength tests. In this way the test results of about f i f ty  

specimens may be obtained, thereby providing good numerical indications for the low, 

average, and high stfength results, 

Statistical presentation of  combined strength data was based om the arrangement of 

test results in the order of increasing strength. The isostatically molded P-03 stock was 

assumed equivaient to regularly molded cylindrical stock, provided the densities of the two 

were equal. Sample No. Y of the isostatic P-03 and the plate stock are treated separately; 

the high density o f  the former, and relatively pronounced orientation i n  the latter caused 

their mechanical results to be outside the scatter range of  the other P-03 stock. 

Reactor plunger pins have been extensively tested for quality control purposes in 

the previously described three-point loading arrangement. Figure 18 shows the cumulative 

number of broken pins, plotted as a function of  the peak stress on the pin's tensile surface. 

These results reflect the high with-grain strength of  the P-03 plate stock, from which a l l  the 

pins had been machined. 

Examination of Figure 18 shows that the weakest fractures occurred near 6000 psi 

for two specimens. One of these was a plunger pin rejected during visual inspection because 

of a crack on its surface. The other low-strength specimen appeared to be free of  cracks, but 

had an unusually low density and an irregular surface finish. The weakest of  the remaining 

specimens broke above 7000 psi. The average three-point flexure strength for a l l  tests was 

8820 psi, while the median fell slightly lower to 8765 psi; the 55 psi difference i s  well 

below the magnitude of one standard deviation, 
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Tensi I e Strength 

Figure 19 shows the cumulative distribution of tensile strength for twenty specimens 

machined in  both the with-grain and across-grain orientation from regularly molded cylin- 

drical stock. 

Fracture probability i s  assumed to be proportional to the cumulative rank by failure, 

with 100% probability corresponding to the maximum observed tensile strength of 5740 psi. 

The resulting plot of  applied tensile stress versus failure probability for the regularly molded 

P-03 cylindrical stock i s  shown in Figure 19. These tensile results are in  excellent quali- 

tative agreement with three-point flexure tests on plunger pins; i n  both cases the data tend 

to cluster into "families" with low dispersion, separated by relatively large dispersion between 

them. The reason for such clustering i s  not clear. If several types of stress-raisers are assumed 

to exist i n  graphite, with each stress-raiser active at  a particular stress level, the results of  

Figures 18 and 19 become reasonable. Specimens breaking at  low stresses have the most 

effect i ve stress- raisers, w h i I e the strongest spec i mens p roba bl y represent rei a t i  vel y f I aw- 

free graphite. 

Flexure Strength 

Figure 20 gives the cumulative strength distribution for the four-point flexure test 

on the square bar-shaped specimen. This may be compared to the three-point flexure test 

on round specimens (Figure 18). Departure of the data in Figure 20 from symmetrical dis- 

tribution a t  high stresses may be readily traced to the inhomogeneous specimen population; 

the highest strength i s  exhibited by specimens from the first isostatic sample (density too 

high compared to the majority of  other specimens) and the regularly molded plate stock 

(highly developed orinetation). Figure 20 may therefore serve as an example of results 

attained with a mixed population. 
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Compressive Strength 

Results of compression tests on P-03 graphite of  comparable density and grain 

orientation are shown in Figure 21. The 

the tensile and compressive strength results, 

form of their distribution i s  similar to those for 

X-ray inspection of P-03 Graphite 

In the course of radiographic inspection of  rough-machined P-03 blanks 

(4,O”D x 4,O’’L) i t  was rioted that rejected pieces tended to be of higher density than those 

accepted. The same situation was found for ATJ graphite blanks. The details were given 

previously; here only a brief comparison of the accepted versus rejected P-03 w i l l  be 

presented, as determined on one blank of each. The results should not be regarded as 

conclusive at this stage, 

First, the local densities of one accepted and one rejected cylinder were investigated 

by evaluating them in  flexure and compression. Tensile tests were also made on both cylinders, 

but the density of L-2 specimens could not be determined. A l l  specimens were machined in  

an identical manner from both cylinders. The following density values were obtained: 

Specimen Low Avg. High Number Status Density 

(Sample 4-c) Flexure, axial 1.847 1.850 1.854 
Flexure, radial 1.849 1.850 1.853 

Stock X- Ray Cy l i nde r Density 

22850 Rejected 1.850 Corn p ression 1.844 1.850 
- -  

22854 Accepted 1.847 Compression 1.833 1,846 1.864 
(Sample 4-d) Flexure, axial 1.848 1.849 1.852 

Flexure, radial 1.848 ’1.849 1.852 

Although cylinder No, 22850 was rejected for low-density indications, i t s  density variations 

are less than those in  the accepted cylinder No. 22854, The lower average density and the 

greater density spread for the latter cylinder were subsequently reflected in the lower flexural 

and compressive strength values, and increased standard deviations. 
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These results are not numerically significant for a reliable correlation of x-ray 

inspection techniques wi th  graphite strength. However, several generalizations are 

possible, particularly since the P-03 plunger pins are routinely inspected by radio- 

graphy, and their rejection rate has been high. First, the excellent structure of P-03 

was reflected on a l l  radiographs examined from three lots of plunger pins, one lot of  

rough-machined cy; inders, and one sampie of isosiaiicai i y  molded grapAite. Eie absence 

of cracks, voids, chipped-out regions, and similar defectson the surface of a l l  evaluation 

specimens agrees with the observation of not more than five surface cracks in  over one 

thousand hardware pieces; a l l  this evidence for the defect-free macrostructure of P-03 
was reflected by the absence of well-defined radiographic defects. Only one high- 

density inclusion had been detected; i t  occurred i n  the isostatic sample. Radiographic 

defects attributed to P-03 graphite's structure were noted to be minor irregularities with 

diffuse boundaries anf often inadequate definition; any correspondence with the actual 

features of P-03 structure are questionable. 

Radiography of  graphite i s  one of the more controversial subjects concerning this 

material, and there i s  disagreement on whether x-ray inspection offers a suitable procedure 

for monitoring either strength or structure, particularly for the purpose of enhancing the 

hardware reliability. Each application should be considered separately, and the previous 

experience with a premium fine-grained grade such as P-03 would offer no guidance where 

other types of graphite are concerned. 

Predicting the Strength of  P-03 Graphite 

To secure the best structural graphite hardware for a reactor, i t  i s  necessary to 

select the graphite stock with uniformly high strength. Since strength increases with density, 

the raw-stock may be monitored to reject low-density pieces; for best results, density should be 

determined on the rough-machined blanks rather than on the original stock. Density measure- 

ments may also be made on the finish-machined hardware of simple geometry (such as the 
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plunger pins) but i n  this instance any rejection i s  necessarily more expensive than for the 

rough -c u t b 1 anks. 

Another way of predicting adequate strength of graphite i n  the early stages of hard- 

ware procurement i s  to measure the graphite's hardness. This measurement may be performed 

:hi.~iigh either ihe re-bound or indentation techniques. Neither of these techniques has yet 

been tried a t  W A N L  on P-03 graphite, although the manufacturer used a re-bound technique 

for the regular quality control testing. 

graphite, and an excellent correlation between the hardness numbers and flexure strength 

secured. 

since i t  may be performed directly on raw-stock. 

10 
Indentation technique has been tried on ATJ molded 

6 
Quality control by means of hardness testing i s  perhaps the most promising technique, 

Electrical resistivity measurements may be made on simple, axial ly symmetrical shapes 

such as plunger pins. This technique has been tested on hardware-grade plate stock. 

Figure 22 shows the resistivity versus flexure strength correlation for P-03. A t  a constant 

value of resistivity, the flexure strength varies somewhat, due most l ikely to the influence 

of surface irregularities, Four-point test values give a better correlation with resistivity 

than do the three-point results. 

was found to be inversely proportional to average flexure strength when both were measured 

on specimens with a square cross section. 

In the case o f  ATJ graphite, the resistivity of flexure bars 
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CONCLUSIONS 

1. Mechanical properties of the premium molded P-03 grade of graphite have been 

found to be the highest among those structural grades for NERVA hardware. 

2. After testing a large number of specimens i n  tension, flexure, and compression, t'he 

regularly molded P-03 graphite i s  found to have both a high average strength and low standard 

deviation. 

3. Isostatically molded P-03 graphite, available presently on a semi-commercial basis, 

i s  found to be either equivalent or superior to regularly molded stock. 

4. The isostatic version of P-03 has uniformly high mechanical properties in  a i l  orien- 

tations; i t  may be considered therefore as a strong, uniform, isotropic, structural material. 

5. Regularly molded cylindrical stock (original size 4.5"D x 4.5"L) i s  comparable to 

the isostatic P-03 in  most of its properties. The major difference i s  that the isostatic version 

may be produced in  larger size, both diameter and length. 

6. Regularly molded P-03 plate stock has amorehighly developed orientation than 

cylindrical stock. I t s  properties are therefore expected to be moderately aniostropic. 

7. AII versions of P-03 have uniformly high density, generally in  the 1.85 - + 0.03 g/cc 

range. They are resistant to abrasion and indentation and have a good surface finish when 

machined. 

8. Being a dense molded graphite, P-03 has been found to be remarkably free from 

internal defects from visual examination of the finish-machined surfaces and radiographic 

inspection. 
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9. In addition to mechanical tests, selected physical and thermal properties of P-03 

have been studied. These results have beencoveredin this report in sufficient detail to allow 

preliminary designs to uti l ize this material. 

IO. Radiographic inspection of P-03 graphite at a 2% sensitivity level does not provide 

a reiiable indication of i ts macrostructural quality. 

1 1 .  Extension of grade P-03 from its present applications to the other graphite com- 

ponents wi l l  result En significantly improved hardware. 
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APPENDIX I: P-03 SUPPORT BLOCKS 

Four support blocks machined from regularly molded P-03 have been tested by the 

Engineering Mechanics Department. These blocks showed excellent performance under the 

conditions of simulated reactor loading at room temperature. The catastrophic failures 

previously associated with ATJ graphite support b;ocks r i w i  the 4%?!?=!f;. !cad were net 

encountered; instead, the fractures in the simulated hardware assembly occurred outside the 

P-03 blocks at  higher loading. A load of 8500 Ibs. was found necessary to fracture a P-03 

support block in an ali-metal test fixture; this i s  estimated to be approximately 300% higher 

than the tensile loading that could be safely sustained by a tie rod at room temperature. 

The preliminary test results demonstrate that P-03 support blocks may be expected to carry 

design loads about 100% greater than those used for the present blocks machined from ATJ 

graphite. 

41 



WANL-TME-1031 

ACKNOWLEDGEMENTS 

Special thanks are due to Dr. Robert R. Paxton, Chief Engineer of  Pure Carbon Company, 

for his many vaiuabie comments on the manufacture and properties of P-03 graphite, and for 

providing samples of the isostatically molded P-03 for this evaluation. 

Within the Materials Department, the writer wishes to thank A. W. Danko for an x-ray 

diffraction analysis; P. S. Gaal for most of the thermophysical data; and E. F. Vandergrift 

for stress-strain curves. Radiographic quality of P-03 graphite was determined with the co- 

operation of J. R. Steele, Supervisor of the Non-Destructive Test Laboratory, Quality Control 

Department. 

42 



WANL-TME- 1031 

41 B 

V 
09 - 

2 
c Y 

U 
0 c 
vl 

Y 
V 
0 c 
In 

I- 
w I 

U 
K 
I 

cy 

.- 0 
h 
09 
I 
V 
C .- 

c 

u) 
h 
09 

Q) 

f 
c 
0 

3 
U 
v) u 

Q) 
Q 
v) 

43 



WANL-TME-1031 
TABLE 2 

ELECTRICAL RESISTIVITY OF P-03 GRAPHITE 

DF NS I TY TEMPERATURE RESISTIVITY -- 0 R l t  NTATION 

(9, cc) (OC) (OF) (milliohm - cm) 

A .  Isostatically molded graohite, Somde 1 

RADIAL 1 87 30 86 
1 87 -196 -320 

B Isos:atically molded graphite, Sample 2 

AX iA  L 1.840 23.5 74 
1 842 23.5 74 
1 .d45 23.5 74 

C. Rrjulorly molded grmhi f r ,  p la te stock, Sample 3 

Nu tests 

D Regularly moldrd ytaphite, cylindrical stock, Sample 4-0 

A G. 1 85 23 73 
1.85 1095 2003 
1.85 1216 222 1 
1 .es 1312 2394 
1 85 1433 261 1 

E. Rt  Gularly molded glaphite, cylindrical stock, Sample 4-c 

W. G. 1.849 23 73 
1.851 23 73 
1.852 23 73 
1.853 23 73 

A.  G. 1.847 23 73 
1.850 23 73 
1.851 23 73 
1.854 23 73 

F. Regularly molded graphite, cylindrical stock, Sample 4-d 

W. G. 1.839 23 73 
1.845 23 73 
1.849 23 73 
1.852 23 73 
1.855 23 73 

A.  G. 1.848 23 73 
1.851 23 73 
1.852 23 73 

G .  Tests on hardware samples -- regularly molded stock 

W. G. 1.809 23 73 
1.821 23 73 
1.832 23 73 
1.843 23 73 
1.845 23 73 
1.853 23 73 

W. G. 1.753 23 73 
1.744 23 73 

A .  G. 1.786 30 73 
1.786 -196 - 320 

t i .  Comparison data for ATJ graphite 

1.79 
2.57 

2.!2 
2.10 
2.08 

1.960 
1.191 
1.186 
1.193 
1.195 

1.755; 1,760 
1.740; 1.760 

1.760 
1.740 

1.980 
1.945; 1.990 
1.930; 1.960 

1.980 

1.760 
1.790 
1.760 

1.740; 1.775 
1.740 

1.980; 1.990; 2.010 
1.960; 1.990 

1.945 

1.999 
1.840 

1.745; 1.800 
1.615 
1.615 

1.530; 1.550 

1.090 
1.512 

1.050 
1.740 
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TABLE 3-8 

TENSILE TEST RESULTS OBTAINED ON THE REGULARLY MOLDED P-03 GRAPHITE 

0 R I E NTA T IO N 
A N D  IDENTITY TEMPERA TU RE STRENGTH 

TEST T E N S  I LE 

(1) (OC) (OF) (psi) 

A .  Sample 3, Plate stock (trimmed, 2 x 6 x 1 1/4-inch size) 
6390 

W.'G. 4-0 

W. G. 4-b 

W G. 4-L 

W. G. 4-d 

W. G. 4-0 
W. G. 4-b 

W. G. 4-0 

W. G. 4-u 

W. G. 4-b 

W. G. 4-0 

W. G. 4-a 

A. G. 4-2 

A .  G. 4-b 

A. G. 4-c 

A. G. 4-d 

A. G. 4-b 

A. G. 4-0 

A .  G. 4-b 

A. G. 4-b 

A .  G. 4-b 

A. G. 4-a 

A .  G.  4-b 

RT '  
R T  
R T  

R T  
R T  

R i  

1200 
1200 

1590 

2000 

2000 

2400 

2600 

RT 

R T 

RT  

R T  

1200 

1500 

1500 

2000 

2400 

2600 

2600 

R T  
R T  
R r  

RT  
R T  

RT 

2190 
2190 

2730 

3630 

3630 

4350 

4710 

R T  

R T  

R T  

R T  

2190 

2730 

2730 

3630 

4350 

4710 

4710 

4470, 4870 
5000 
5570 

3700, 4070, 4100 
4790, 5090 

37Y0, 4100, 4400 
4420, 4930 

4690 
6030 

6520 

6680 

8070 

8780 

7620 

5640 

4810, 5740 

4890, 4890 

4460, 4540 

5940 

6900 

6990, 7250 

864 0 

9020 

7650 

8540(2) 

E LO N G A  T I 0  N 

NOTES: 1. Letters a and b refer to part icular items of stock for identif ication purposes 

2. Strain rate 0.2 inch per minute, compared to 0.02 for the other tests. 

NO. OF 
FRACTURES 

111 
2 
2 

a l l  1 
a l l  1 

all 1 
al l  1 
a l l  1 

2 

3 

3 

2 

5 

1 

1 

111 

1 1 1  

111 

2 

1 

2, 2 

2 

2 

1 

2 
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TABLE 5 

WITH-GRAIN FLEXURE STRENGTH TESTS ON CYLINDRICAL 
SPECIMENS MACHINED FROM REGULARLY MOLDED P-03 PLATE STOCK 

SPECIMEN FLEXURAL STRENGTH 

(g/cc) (psi) (psi) 

DENSITY 3-POINT TEST 4-POINT TEST 
_I 

k .  Plunger p in  lot  No. 584: Quali f icat ion tests 

1.809; 1.821 7855; 8050 6205; 7370 

1.823; 1.830 810.5; 9455 7760; 8050 

1.832; 1.832 10,475; 8290 7470; 7420 

1.843; 1.845 9795; 10,380 9070; 8630 

1.853; 1.853 10,960; 11,445 9215; 9600 

Average and standard deviation: 

1.834 (0.014) 9490 ( 1  320) 8080 (970) 

6. Plunger p in  lot No. 148: Tests on cut-down pins 

1.783; 1.793 5990; 7160 ---- (2) 

1.81 1; 1.813 8765; 8290 ---- 
1.814; 1.817 8135; 8915 ---- 
1.818; 1.820 8420; 8630 ---- 
1.821; 1.821 8718; 9394 ---- 
1.825; 1.825 8955; 9010; 9100 ---- 
1.830; 1.845 9355; 10,090 ---- 
Average values: 

1.820 8600 ---- 

E LE CTR I CA L ( l )  
RESISTIVITY 

(x 1 K3 ohm-om) 

1.990; 1.840 

1.605; 1.570 

1.745; 1.800 

1.615; 1.615 

1.530; 1.550 

* * 

NOTES: 

1 .  Electrical resistivity was determined before the flexure tests. 

2. Not  determined. 

* These resistivity values do not conform to those for the other specimens,for unknown 
reasons. 
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TABLE 6-B 

FLEXURE TESTS ON SPECIMENS WITH SQUARE CROSS SECTION 
MACHINED FROM REGULARLY MOLDED P-03 GRAPHITE 

OR I E NTATlO N FLEXURAL STRENGTH M I S  CE L LA N EOU 5 
_. DENS IT'/ ___- 

(91 cc) (mi) 

A .  Sarrrple No. 3, Plate siock 

1.841; 1.849 W. G. 8190, 8240 Regular specimen size* 

B. Sclrnplc No 4-0, Cylindrical stock (4.5"D, 4.5"L) 

1.849, 1.851 A .  G. 
1.854, 1 854 A .  G. 
1.857, 1.857 A.  G. 

6400, 6500 Regular soecimen size*, 

5330, 6440 
6150, 6580, 6930 seven tests. Average 

flexure strength = 6330 p s i  
Standard deviation 500 p s i  

C .  Saiiple No. 4-c, Cylindrical stock (4.5"D, 4.5"L) 

1.849 
1,851 
1.852 
1.853 

1.847 
1.850 
1.851 
1.854 

W. G. 
W. G. 
W. G. 
W. G.  

A. G. 
A. G. 
A. G. 
A. G. 

6020, 6170 
5800, 6060 

66 30 
6440 

. 6100 
7000, 7 190 
7010, 7300 

6970 

D. Sarttple No. 4-d, Cylindrical stock (4.5"D, 4.5"L) 

1.833 
1.845 
1.849 
1.852 
1.855 

1.848 
1.85 1 
1.852 

W. G. 
W. G. 
W. G. 
W. G. 
W. G .  

A. G. 
A.  G. 
A. G. 

5760 
5720 
6600 

5960, 6400 
5920 

6480, 6630, 6850 
6520, 6710 

6030 

Regular specimen size*, 
six tests. Average flexure 
strength = 6190 psi. 

Regular specimen size*, 
six tests. Average flexure 
strength = 6930 psi. 

Regular specimen size*, 
six tests. Average flexure 
strength = 6060 p s i  

Regular specimen size*, 
six tests. Average flexure 
strength = 6540 psi 

*Nominal size 0.43 x 0.43 x 3.50 inches, inner span 1 .O inch, outer span 3.0 inches 
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COMPRESSION TEST SUMMARY FOR ISOSTATICALLY MOLDED P-03 GRAPHITE 

W A N  L- TME- 1031 

TABLE 7-A 

SPECIMEN DENSITY 
(g /cc )  

A. Sample No. 1 

1.875 
1.880 
1.880 
1.880 

B. Sample No. 2 

1.824 
1.837, 1.838 

1.843, 1.845, 1.846 
1.852 

1.861, 1.863, 1.865 
1.836, 1.839 
1.846, 1.849 

1.857 

COMPRESSIVE 
r r n c k i r  T u  
3 I nLt ~w 1 1  I OR I t N T A  TiO N 

(psi ) 

RADIAL 21,410, 21,640, 22,000 
AXIAL 2 1,380, 2 1,960, 22,060 
AXIAL 22,110, 22,730, 22,930 
AXIAL 23,320 

AXIAL 
AXIAL 
AXIAL 
A X  IA L 
AXIAL 
AXIAL 
AXIAL 
AXIAL 

21,275 
20,050, 20,150 

18,150, 20,500, 21,350 
21,300 

23,475, 23,825, 22,100 
20,650, 19,875 
20,700, 2 1,000 

22,400 

STRAIN 
RA TE MISCELLANEOUS 

0.02 
0.02 
0.02 Std. dev. = 625 
0.02 

Av. = 21,680 (3 tests) 
Av. = 22,360 (7 tests) 

0.02 
0.02 
0.02 
0.02 
0.02 
0.20 
0.20 
0.20 

Av. = 20,920 (10 tests) 

Av. = 20,925 (5 tests) 
Std. dev. = 1225 
(All tests on Sample 2) 
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TABLE 7-8 

COMPRESSION TEST SUMMARY FOR REGULARLY MOLDED P-03 GRAPHITE 

COMPRESSIVE 
SPECIMEN DENSITY ORlE NTATION STRENGTH 

(9, cc )  (psi) 
A .  Sarnple No. 3, Plate stock 

1 833, 1 1 0 2 -  0" w. c; 2 1,400, 22,400 
1 d43, 1 844 w. CI 22,900, 22,300 

1 853 w. 17. 21,900 

B. Sample' No. 4-0, Cylindrical stock (4.5"[3, 4.5"L) 

1.828 A G .  18,100 
1.842 A G. 1 6,600 

1 842, 1 843 A.  G. 17,400, 17,750 
1.847, 1.849 A .  G. 1 8,600, 1 7,900 

1.850 A .  G. 1 8,200, 20,600 
1.851, 1.852 A.  G. 1 7,800, 1 9,800 
1.853, 1.854 A. G. 17,900, 1 9,200 

C. Sarnple No. 4-$'kylindrical stock (4.5"D, 4.5"L) 

1.844, 1.846 A.  G. 18,600, 21,100 
1.847 A .  G. 1 9,800, 20,800 

1.849, 1.850 A .  G. 19,400, 20,300* 
1.851 A.  G. 21,000, 21,200 
1.852 A.  G.  20,000, 20,100 
1.853 A.  G. 20,400, 2 1 , 100 

D Suniplr No. 4-d!2) Cylindrical stock (4.5"0, 4.5"L) 

1.833 A. G. 17,500 
1.840 A. G. 14,400, 19,700 
1.843 A .  G. 21,800 
1.844 A. G. 18,800, 20,200 

1.846, 1.848 A. G. 1 9,500, 20,000 
1.850 A. G. 1 9,200 
1.855 A. G. 1 9,600, 19,900 
1.864 A. G. 20,700 

M ISCE LLA NEOU S 

Average density = 1.843 g/cc 
Average C.S. = 22,180 psi 
Std. deviation .= 560 psi 

Average density = 1.845 g/cc 
Average C.S. 18,320 psi 
Std. deviation = 1090 psi 
No. of tests = 12 

Average density = 1.850 
Average C.S. = 20,320 psi 
Std. deviation 817 
No. of tests = 12 

Average density 7: 1.846 g/cc 
Average C.S. 19,530 psi 
Std. deviation =- 1.478 psi 
No. of tests -: 12 

* Sttuiri yage tests 

( 1  ) h.1 ial  riunibei 22850, radiographically rejected for low-density regions. 

(?)  S v r  i a l  nutl ibel 22854, rodiographicolly acceptable structure. 
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EQN. (1) 

EQUATION (1):  LOGlO r = -4.590 + 8.850 x a 1 

- STOCK OR I E NTAT I ON 

REGULAR MOLDED CYLINDER WG: 

PLATE Tm AG:  
0 WG: - EQUATION (1) 
v RADIAL: 
A AXIAL: 

ISOST. MOLDED 

I I I 1 I I I I I i 1 I 

1.77 1.78 1.79 1.80 1.81 1.82 1.83 '1.84 1.85 1.86 1.87 1.88 1.89 

SPECIMEN DENSITY, G/cc 404266A 

EQUATION NO. 1 GIVES THE RELATlONjHIP 
FIGURE 4 ELECTRICAL RESISTIVITY OF P-03 GRAPHITE AT ROOM TEMPERATURE, 
AS A FUNCTION OF DENSITY. 
FOR WITH-GRAIN SPECIMENS FROM REGULARLY MOLDED PLATE STOCK. 
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60426R4 TEST TEMPERATURE - OC 

FIGURE 6 PERMANENT TENSILE STRAIN AS A F U N C T I O N  OF TEST TEMPERATURE. 
ALL SPECIMENS WERE STRAINED AT 0.02 INCH PER M I N U I E .  THE RELATION 
BETWEEN THE TOTAL A N D  PERMANENT STRAINS I S  EVIDENT F R O M  THE ROOM- 
TEMPERATURE DATA. 
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I ILI bPOINT TEST 
I 

r n ~  +++ 
A 1.0" 

3-POINT TEST 

v e  V CUT-DOWN 
PLUNGER PINS 

A OTHER SPECIMENS V 

PLUNGER PINS 
A OTHER SPECIMENS 

v e  
V i7 

V 

V 

A 
V 

A 

rn 

1.75 1.80 1.85 
SPECIMEN DENSITY - G/CC 604269A 

FIGURE 8 
SECTION, AS A FUNCTION OF DENSITY. 

SUMMARY OF FLEXURE TESTS ON P-03 SPECIMENS WITH ROUND CROSS- 
ALL TESTS WERE MADE ON THE WITH- 

GRAIN SPECIMENS MACHINED FROM REGULARLY MOLDED PLATE STOCK. 
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FIGURE 9 
CROSS-SECTION, PLOTTED AS A FUNCTION OF DENSITY. 

SUMMARY OF FLEXURE TESTS ON P-03 SPECIMENS WITH SQUARE 
WITH-GRAIN TEST RESULTS OF HARDWARE - GRADE ATJ ARE PRESENTED FOR COMPARISON. 

AV. + 30 

ATJ(l8 TESTS) 
WITH - GRAIN I AV. -30 

0 

0 

1.70 1.75 1.80 1.85 1.90 

SPECIMEN DENSITY, G/cc 604272A 
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0 1 .o 2.0 3.0 

TENSILE STRAIN - MILS/'INCH 604553A 

FIGURE 13 TENSILE S T R E S S  VERSUS STRAIN CURVE FOR REGULARLY MOLDED P-03 
(SAMPLF NO 4-d: 4.5" D x 4.5" L,CYLINDRICAL STOCK), DETERMINED ON WITH-GRAIN 
SPECIMEN. BELOW 1000-PSI S T R E S S  LEVEL THE CURVES ARE SUPJtCT TO A SLIGHT 
SYSTEMATIC ERROR CAUSED BY OFF-CENTERED LOADING.  
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0 1  2 3 4 5 6 7 8 9 10 1 1 1 2 1 3 1 4  

ELONGATION, MILS/INCH 604035A 
FIGURE 14 COMPRESSIVE STRESS- STRAIN CURVE FOR REGULARLY MOLDED P-03 GRAPHITE 
(SAMPLE NO. 4-d; 4.5" D x 4.5" L CYLINDRICAL 
GRAIN SPECIMEN OF 1.844g/cc DENSITY. 

STOCK), AS DETERMINED ON ACROSS- 
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FIGURE 15-0 
SPECIMEN MACHINED FROM SAMPLE NO.2 OF ISOSTATICALLY MOLDED P-03 (DENSITY 
1.840 g/cc) IN THE AXIAL DIRECTION. 

STRESS VERSUS STRAIN CURVE ON THE TENSILE FACE OF A FLEXURE 
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FIGURE 15-b STRESS VERSUS STRAIN CURVE ON THE COMPRESSIVE FACE OF THE SPECIMEN 
IN  FIGURE 15-a. 
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FIGURE 16 GENERALIZED STRESS-STRAIN BEHAVIOR OF P-83 GRAPHITE. NOTE THAT THE 
SECANT YOUNG'S MODULUS VARIES IN THE 1.5 - 2.0 x 10 PSI RANGE. 604557A 
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NOTE: 
FOR THE RESISTIVITY VERSUS DENSITY 
R E L k T l  ONS H I P 

SEE FIGURE 4, EQUATION 1 I 
604550A ELECTRICAL RESISTIVITY, MlLLlOHM - C M  

FIGURE 22 CORRELATION OF FLEXURE STRENGTH WITH ELECTRICAL RESlSTlVlTY 
FOR ROUND SPECIMENS. THE SPREAD IN RESULTS 1s DUE MOSTLY TO SURFACE 
IMPERFECTIONS WHICH AFFECT THE STRENGTH BUT NOT THE RESISTIVITY. 
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