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ABSTFvACT 

Various mechanical-property measureiaents on several grades of manu­

factured (polycrystalline) graphite stock include tensile-strength determin­

ations at temperatures from 20 to 2^00°C (plus a few at 2500 C), tensile 

stress-strain and creep tests in the range 2000-2l+00°C, torsional strength 

and stress-strain measurements from 20 to 2600 C, torsional creep and stress-

relaxation tests in the range from 2000 to 2800 G, d3mainic Young's-modulus 

determinations from 20 to 2^50 C, and evaluation of average coefficients of 

linear thermal expansion for the ranges 20-1050 C and l300-2l|-00*̂ C. 

The materials studied include a censaercial grade of graphite (Great 

Lakes Carbon Co. Grade lil+LM) molded in 36-in.-dia pieces, both as the 

standard stock with a nominal density of I.7U g/cc and as stock re-impregnated 

to a nominal density of I.80-I.85 g/cc, and four grades of graphite manufac­

tured by the Los Alamos Scientific Laborator}? containing normal uranium 

(added as UO during the manufacture) in varying concentrations. The tensile-

strength and creep data obtained are compared mth the results of Los Alamos 

measurements upon similar materials. 

Continued research on the elastic-anelastic properties and the creep 

and relaxation characteristics of polycrystalline graphites is reeoraaended. 

Page Ix 

D 



Report No» 15 37 

I. IMTRODUCTION 

General interest in the field of high temperature properties of material 

plus the specific interest in this domain of Project Rover (1) at the Los 

Alamos Scientific Laboratory were motivating forces in initiating a program of 

high temperature property measurement. In this case interest centered on meas­

urements of some of the high temperature mechanical properties of some selected 

graphites over a temperature interval* This report is a sunmary of the results 

which were obtained in the pursuit of this goal, 

II. REVIEW OF PREVIOUS INVESTIGATIONS 

The first published investigation of the thermal"-mechanical properties 

of graphite at high temperatures appears to be the measurements of thermal-

expansion coefficients reported by Hidnert (2)» Similar measurements using 

X-ray diffraction methods were later reported by Helson and Riley (3^^) ̂ nd 

Duwez (5)^ snd more recently the thermal-expansion characteristics of graphitic 

materials has been the subject of intensive study (6 to 15)* 

Investigation of structure and of other physical properties (including 

electrical, magnetic, thermal, chemical, etc*) constitute a literature too 

extensive to be referenced here, but general reviews have been provided by 

Udy and Boulger (l6), Howe (17), Slyh (18), and Currie, Hamister, and 

MacPherson (19)» The last survey includes many otherwise unpublished data 

accumulated by investigators at the National Carbon Compaay. Also, a valuable 

Numbers in parenthesis refer to references listed at end of text. 
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II Review of Previous Investigations (cont.) Report No. 1537 

collection of information on graphite is provided by the Biennial Conferences 

on Carbon organised by Professor S. Mrozowski, of the University of Buffalo, 

and his associates. 

Until very recently, the purely mechanical properties of graphite have 

received somewhat less attention. Hot counting the routine measurements 

performed (but not widely disseiainated) by the various manufacturers, tensile-

strength data for several grades of material at room temperature were first 

reporte'd by Duwez (5). Measurement of tensile strength and creep properties 

at high temperature were initiated in 19^7 by I'Mlmstrom and his associates at 

Horth American Aviation, Inc. (20) and independently by Adams and Helson at 

the Battelle Memorial Institute (21). These investigations revealed that the 

breaking strength of graphite increased with temperature up to about 2500 C, 

beyond which tnaximutn point it decreased as a result of rapidly increasing 

thermal softening or creep effects. A similar temperature dependence for the 

elastic moduli, fatigue-endurance limit, and compressive breaking strength was 

also demonstrated (20,22,25,24), 

Following these disclosures, the attractiveness of graphite as a high-

temperature structural material was widely recognized, and tensile strength 

and creep data for various grades of material have recently been reported by 

Keen (25), Loch (26,27), tlartens, Jaffe, and Jepson (28,29), Simbeck, Wiener, 

and Harvey (30), Wagner, Driesner, Kmetko, and l>5acl''lillan (15^31)^ Martens, 

Jaffee, and Button (32) and Stieber and Stroup (53). . Compressive strength 

and creep data were presented by Wagner, et al. (15, 31)* Selected preliminary 

results of the present investigation have been reported by the present authors 

i3k^35)» In addition to the extensive use of graphite as a material for 

rocket-nozzle inserts and jet vanes, its use in a wide variety of fluid-flow 

and heat-transfer systems has been either demonstrated or suggested (25,36 to l 

Various theoretical explanations for the increase in strength of graphite 

with increasing temperature have been advanced, but the most satisfactory is 

that of Mrogowski (lo), who attributes this behavior to the relief of 
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II Review of Previous Investigations (cont.) Report No. I537 

"frozen-in" microscopic stress fields which arise from the anisotropy of thenae 

contraction of the individual single crystallites constituting the formed 

polycrystalline mass. Such stresses are relaxed by diffusional (creep) effects 

during cooling from graphitization temperature to about 2000-2200 C, but below 

this temperature the rate of relaxatioB becomes so slow that essentially no 

relief mechanism exists. 

An idealized theoretical model of a polycrystalline graphite structure ha 

also been examined by llrozowski (52) as a basis for estimating the dependence 

of various physical and mechanical constants (including elastic moduli) upon 

mix composition, but, as noted by Faris et, al, (22), no satisfactory theoreti­

cal explanation of the observed thermal dependence of the elastic moduli has 

been found. However, as will be noted in the following discussion, an heuristi 

argument may be advanced to the effect that the observed dependence is 

analogous to polymer behavior.̂  and thus that the concepts of polymer-^elasticity 

theory may be pertinent to the graphite-elasticity problem. 

Ill, BESIGÎ  OF EXPERIMEHT 

A, TYPES OF mTERIAL 

1. Conmercial Grades 

The type of commercial graphite to which most attention 
-;;-

was given in the present progr^a of measurements was Grade EkJM graphite in 

molded cylindrical stock of 36-in» 0,B. Both the standard stock with a 

nominal density of 1.7^ g/cc and a stock reimpregnated to a density of 

l,8o-l»85 g/cc were studied. Specimens were machined from various positions 

in the block according to the pattern described by Wagner et al, (3I), with 

their long axes either parallel or perpendicular to the grain (i.e., either 

perpendicular or parallel to the molding pressure vector). 

Great Lakes Carbon Company. 
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In addition, a few tensile-strength detertainations were 

made on Grade 3'+99 commercial graphite. All specimens were fabricated at 

Los Alamos, and no individual specimen-density measurements were made for 

correlation with observed strength values, although such a correlation 

presumably does exist for a given grade or block of material (20). IIo 

detailed data on the manufacture or characteristic properties of the llhLli 

stock was available, but it was stated by GLC personnel (53) that the manu­

facturing process outlined by Hader, Gamson, and Bailey (5^) and the typical 

property values reported by Hodge (55) could be considered representative, 

2• Los Alamos Grades 

The graphites were manufactured at the Los Alamos Scientific 

Laboratory by the conventional procedure which has been described by Currie 

et al. (19) and Hader et al. (5^), Normal UO. was added to yield grades of 

finished material with uranium concentrations identified as follows: 

Grade Volume Concentration 
Identification of Uranium (mg/ce) 

CK 0 

LDtl 125 

LDC 250 

LDP 350 

The test specimens were machined with their long aJies 

parallel to the grain (perpendicular to the moldino-pressure vector). 

The uranium presumably was converted to the dicarbide during 

the graphitization process, since UC (m.p, 2550-2^00 C) is the stable phase at 

high temperature. However, according to the studies of Eatherly, et al. (56), 

the transformation 

Speer Carbon Company. 
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VC^^==^VC + C (1) 

appears to be reversible^ with the transformation temperature estimated to be 

in the range I800-20OO C, Therefore^ the possible transformation to the lower-

melting UC (m.p, 2250 C) during cooling followins sraphitization, or during 

subsequent heating of specimens to intermediate temperature levels, might be 

e3q)ected to influence the mechanical-properties iKeasurements to some degree. 

liowever, the magnitude of any such effect was not considered to be significant 

enough to warrant an increase in the scope of the test program^ and the effect 

of heat treatment was not investigated. 

B. TYPES OF MSASUREliENT 

The program was carried out in the high-temperature-materials 

research laboratory sho't̂ m schematically in Figure 1. 

I- Tensile Properties 

a, Stress-Strain Characteristics 

Although aieasurements of the tensile strength of 

graphites at elevated temperature had been made previously_; no tensile stress-

vs-strain characteristics had been reported. Such data are of obvious impor­

tance in the design of structural members^ and the elevated temperatures in­

volved in the present application also suggested that time or strain-rate 

effects should be significant. In a temperature regime where time effects 

are important, the strain rate (or loading rate) influences both the shape 

of the stress^strain curve (and hence the value of the time-dependent tangent 

modulus) and the variation of the ultimate breaking strength with temperature. 

Accordingly, the tensile stress-strain measurements were performed using the 

Instron machine shot-m in Figure 2 at two head rates, 0»02 and 0.002 in./min. 

Instron Engineering Corp. (Oulncy, Mass.), llodel TT-T>L. 
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Ill Design of Experiment, B (cent.) Report Ho. 1537 

The furnace used in the tensile strength measurements 

is diagraned in Figure J- It ̂ ^d been found in the earlier experiments (20,2̂ -) 

that the use of self-resistance heating of the specimen crested large, radial, 

temperature gradients therein, which complicated interpretation of the data 

obtained. Therefore, the present furnace design employed specimens which 

tjere heated indirectly by radiation from a surrounding self-resistance-heated, 

cylindrical element specially slotted to provide a high-resistance path. 

In the interest of short heating and cooling times to 

permit rapid testing operations, thermal insulation %>ri.thin the furnace x/as 

held to a minimum, and consisted primarily of radiation shields fabricated from 

graphite and/or ungraphitized carbon or laolybdenum sheet, contained in a water-

cooled brass shell. An inert atmosphere was preserved by a slow flot-? of helium 

through the furnace. The gas entered at the top through the plastic-bag seal 

and at each sight windov? to prevent the migration of carbon vapor to the window 

surface (where condensation would produce a deposit which would introduce an 

error in the optical temperature measurement), and left through the bottom 

loading-member port. These members, or "pull-rods," were fabricated from 

ungraphitized carbon to tainiinlze heat-conduction losses and consequent axial 

temperature gradients in the specimen. 

Po%-rer was supplied by one of two 55™'<w ac-dc motor-

^enevatoT sets sho^m in Figure k» It was found that this amount of power was 

sufficient to effect specimen temperatures of about 2600 C, but test tempera­

tures were generally limited to 2^0 C (a few were conducted at 2500 C) owing 

to overheating of the upper cover plate. The specimen temperature was measured 

by a Leeds and Horthrup disappearing-fllament optical pyrometer calibrated by 

viewing an HBS standard lamp through the quartz sight window actually employed; 

provision was made for automatic control of this temperature by a Brown 

"RadiOTjatic" total-radiation pyrometer, and a "Jrown recording potentiometer 

which could control the field current in the d~c generator supplying power to 

the heater element. 
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Ill Design of Experiment, Z (coat.) Report No. I557 

.Block and schematic diagrans of this control circuit 

are shc?wn In Figures 5 and 6, and the control consoles for the two separate 

power supplies are shotm in Figure Jo In practice, however, the power 

supplies proved so stable that no automatic control -was required, and only 

an initial manual setting yras required to establish a specimen-temperature 

level which, within the precision of the optical pyrometer reading (about 

+5 G ) , remained constattt throughout the test. 

The tensile specimens employed in the present program 

were fabricated according to a design previously employed in Los Alamos 

studies by Wagner, et al. (15̂ 51).? which is shot-m in Figure 8, Strain xms 

measured by projecting the image of the specimen gage length (using an 

attastlgmat lens mounted in one of the furnace windows) upon a ground-glass 

screen. This screen was mounted on a projection panel which also contained 

an electric timer and a Leeds and Horthrop "Speedomax'" potentiometer to 

indicate the load on the specimen, as measured by the strain-gage load cell 

on the Instron testing machine. Using a teclmique similar to that previously 

employed (2^), this panel was viewed by a Traid Corporation, double-frame, 

55"niffl "Automax" Model R recording camera (shot-m in Fiĵ ure 9) capable either 

of slow-speed cine operation or pulse operation at variable Intervals pre­

determined by the setting of a Gordent Type I5A electric intervalometer. 

The first series of tests revealed that the ultimate 

strains at failure (of the low-density. Grade Hii-LM specimens) were so small 

that considerable optical magnification was required to resolve them with 

adequate precision. This magnification was achieved by employing two front-

surfaced mirrors to split the beam projected from the furnace and reflect 

the images of the two machined fiducial marks upon the ground-glass screen, 

as diagramed in Figure 10. 3y this means, a 50-dia magnification could be 

reconciled with a usably small separation of the tT7o fiducial markst 

Figure 11 presents a typical frame from a photographic 

record, from which it may be seen that the machined fiducial marks appeared 

as rounded humps under high magnification, and it was necessary to provide 
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finer marks in the form of razor nicks In the region of increased cross 

section. Strain measurements were then reduced by reading the film record 

with a 35"'in'» Vanguard llodel 11-35 taotlon analyzer (also shown in Figure 9) 

with micrometer cross-hair laoveiaetits calibrated to resolve a displacement of 

O.OOl in. on a 5*dia projected Imags of the photographic negative, and it 

was found that the apex of the razor cut could be reproducibly located within 

+0,001 inche 

Since the "unfolded" gase length of the specimen 

image on the viewer was approximately 16 in., a total error of 0.002 in. in 

the location of the apex thus corresponded to a nominal precision of strain 
-k 

measurement of approximately 1.2 x 10 , although with practice this precision 

could be improved. This measurement was corrected for emulsion shrinkage by 

employing the iniage of a 6-in, scale cemented to the ground glass (as shown 

in Figure 11) as a standard reference length, 

b. Creep Characteristics 

The measurements of creep (or specimen strain vs 

time under constant load) employed the same type of test furnace and strain-

vs-time measuring technique used in the stress-strain experiments, A standard 

Arcweld constant-load creep machine was modified to accoitanodate the furnace, 

as shown in Figures 12 and I3. In this machine, the load is applied by dead 

weights acting through a pivoted-beam system. The weights are released by 

the taotion of a motor-driven table, thus permitting the rate of load applica" 

tion to be controlled. Such control (which was lacking in the earlier creep 

measurements) is required, since transient-creep curves may sometimes be 

noticeably influenced by variations in the rate of initial load application. 

For the small total strains involved, the constant-load creep data could be 

corrected and correlated by methods assuming constant stress. 

c, StiEss-Relaxation Behavior 

A phenomenon analogous to creep, which must be con­

sidered in the design of high-temperature structures, is the relaxation of 
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stress in a member constrained to remain in a constant state of strain. For 

this reason, knowledge of the stress-relaxation behavior of the material at 

high temperatures was desirable. However, the design of the Los Alamos 

tensile specimen (Figure S) accepted for the present investigation xms such 

that relaxation would be effected by diffusional processes operating without 

as well as within the gage length. For this reason, the present program did 

not include measurement of tensile-stress relaxation. 

d. Note on Tensile-Strain Measurements 

Owing to the high degree of gage-length magnification 

involved in the image projection, small lateral displacements of the specimen 

in the test furnace would throw the images of Che razor cuts slightly out of 

focus, and precise displacement measurements could be made only when the 

specimen was accurately positioned by the application of a slight tensile load 

to the specimen load train. This fact did not affect the stress-strain 

measurements made under slowly and monotonically increasing load, since the 

specimen was quickly positioned at very low load levels, and a short, linear, 

backward extrapolation of the initial displacement data served to establish 

the stress-strain origin with good precision. 

In the case of the creep neasurements, however, the 

load was applied rapidly, and the fast primary strain-vs-time transient 

follot<?ing load application is highly nonlinear. The backward extrapolation 

to establish the strain-titne origin was thus nonlinear, and enough uncertainty 

xi?as involved to produce a scatter of points in the very short time region 

which is noticeable in the tensile-creep data presented later, 

2. Torsional Properties 

a, Torque-Twist Characteristics 

In order to obtain measurements of shear properties 

in torsion, the test furnace diagramed in Figure Ik was designed. In this 

arrangement, the test specliaen showi in Figure 15 was heated by radiation from 

a surrounding cylindrical graphite elanent locally cut In helical pattern 
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to provide a high-resistance path. Temperature control was maintained by 

the same means described above. The radiation shields, supports, and 

specimen-gripping rods were fabricated from ungraphitized carbon in order to 

minimize conduction losses. Since specimen temperatures ranging up to 2800°C 

were employed in the testing, however, some local graphitisation of those 

parts adjacent to the hot zone may have taken place,. 

Torque was applied to the specimen by a wire, which 

is pulled by the moving platen of a wide-frane Instron machine, runs over a 

pulley connected to the load cell (thus registering load on the machine*s 

Speedomax strip-chart recorder), and thus drives a 5-in,-radius wheel mounted 

on the specimen torque shaft. This arrangement of furnace mounting and torque 

application is shot-m in Figures 16 and-17, All components of the torque 

train were made sufficiently rigid that any twist detectable could safely be 

attributed to deformation within the specimen gage length. Total platen head 

rates of 2 and 10 in./min were used to effect rates of specimen twist per 

unit length of 0.1 and 0.5 rad/in.-min. Knowledge of the chart speed on the 

Speedomax recording the load thus defined the torque vs unit-twist curves 

discussed later. Measurement of the initial slopes of these curves then 

permitted calculation of an average shear modulus from the simplified 

strength-of-materials relation (57)« 

where 

G 5= shear modulus (psi) 

M = torque (in.-lb) 

9 = angle of twist per unit length (rad/in.) 

I = polar moment of inertia of specimen section 

d = specimen dia (in.) 
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The maximum shear stress at the outer fiber was similarly calculated as 

n̂a. = F T (3) 
P 

= 3,26 X 10%l(psi) 

b. Torsional-Creep Measurements 

The torsional creep (tt/lst-vs-time) measurements were 

performed under constant torque by applying a weight to the loading wire shown 

in Figure 11, The degree of tmst, recorded as a function of time on the 

Speedomax strip chart, was indicated by a rotary potentiometer attached to 

the specimen torque shaft, as diagramed in Figure 18. 

c. Torsional"Stress Relaxation 

Relaxation of shear stresses in the specimen at 

constant strain was measured by rapidly twisting the specimen to a given 

initial torque level as in the torque-twist tests, but then stopping the 

moving platen and recording the load-vs-time decay curve on the Speedomax 

strip chart, 

5, Dynamic Younr/s Modulus 

llhen the tensile-test program was initiated with the low-

density Hi|-LM material, it soon became evident that the tensile strains achieved 

prior to failure were so small (generally less than i;̂ ) that the initial por­

tion of the stress-strain curve could not be defined tvlth sufficient precision 

to permit confident calculation of Young^s raodulus from the slope of this 

curve at the origin. This problem was also contplicated by the OiCcasional 

occurrence of S-shaped curves with low initial slopes, thus producing an order 

of magnitude variation in calculated modulus values. 
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In view of this situation, a dynamic measurement was desired. 

For this purpose it t?as necessary to adapt a machine originally designed for 

the fatigue-testins of graphite specimens in reversed bending. To permit this 

adaptation, graphite specimens were fabricated by the Los Alamos Scientific 

Laboratory, and later were modified to the configuration shotra in Figure I9. 

In use, the specimen was clamped at one end (as shm-m in Figttre 2 0 ) , was heated 

by radiation from a surrounding graphite d-c helix, and was subjected to forced 

vibration as a cantilever beam by an eleetromaonetic driver attached to the 

"free" end by a linkase consisting of a flat molybdenum wire. The driving 

mechanism was a commercial fatigue-testing shaker system. The oscillator, 

amplifier, power supply, and signal monitor for the electromagnetic shaker are 

shot-m in Figure 21. 

In order to determine the elastic modulus of the beam 

material by measurins the resonant frequency of the mechanical system, it was 

necessary to idealize the sj'stem as having one degree of freedom. That is, 

the reduced section of the beam (which is really a many~degrees-of-freedom 

system) is considered as a simple elastic member with an effective (lumped) 

spring constant k and lumped mass m., to which is attached another mass m . 

Mass m represents the mass of the other laovinc parts of the system, including 

the mass and rotary inertia of the large, relatively rigid, "free" end of the 

beam to which the driving linkage is attached, 

Dampins in the system is provided by internal friction In 

the beam and linkage materials and hj unavoidable support and radiation losses. 

The displacement of the linkage under a periodic force of amplitude P and 

angular frequency co is thus related to the elastic and danping restraints by 

the expression 

mx -f ex + kx = F sinoot (ii-) 

In the original design, the section of reduced thickness was only 
1,5 i^. long; it was later lengthened to 2,0 in. 

Calidyne Company (Winchester, Mass.) Shaker System 6/77, 
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where m = 0.23 m^ + m , and c = equivalent viscous-damping coefficient 

Assuming that this displacement can be represented as x 

the amplitude and phase angle of the oscillation are given as 

X s i n (tjQt - 0 ) , 
o 

X 
p 

P /k o 
(5) 

c to 
c n 

and 
^ 

Can ^ 
C 60 

c n (6) 

where P /k = x ^ ̂  is the static deflection under constant load P asC*^-—^ o. 
o Stat o 

c is the critical damping required for the most effective suppression of the 

oscillation, and ^^ is the natural frequency of the system with no damping. 

Curves of the amplitude ration x /s ^ vs the frequency 

ratio 10/01 for various values of damping, reproduced from Den Hartog (58) are 

presented in Figure 22. The feature of the fisure important in the present 

discussion is that the maxima of the various curves for finite damping do not 

occur at co/^a = 1, but at a lower frequency. As noted by Den Hartog, three 

different frequencies must be distinguished, all of which coincide for c = o. 

These are: 

(1) The undmnped natural frequency 

(2) 

00 n \ m 

The damped natural frequency (of free vibration) 

(7) 

k 
Mm 2m (8) 
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(3) The resonant frequency 5;̂ ., or frequency of maximum forced amplitude 

For systems with small damping, u) '̂  q. This approximation 

provides the basis of the conventional experiments for the deteimtnation of 

elastic moduli and the internal damping capacity (logarithmic decrement) of 

metals. In the present experiment, however, the natural (undanped) frequency 

cannot be determined by a direct measurement. The quantity that is measured 

directly is the resonant frequency Oki., It is determined by recording the 

ficnplitude x of the forced vibration (indicated by the signal monitor in the 

control console) vs frequency. Typical resonance curves for graphite specimen. 

that were obtained in the present investigation are presented in Figure 23, 

A comparison of Figures. 17 and 18 indicates that the degree of damping is 

finite (c/c = 0.3 - O.Jj.) and that the approximation co =c^ is not valid. 

Fortunately, however, the approximation thatco "̂  q is still 

admissible for finite damping. By equating the woric (per cycle) done by the 

external force at resonance conditions to the work dissipated In damping at 

resonance, an expression for the resonance amplification R may be derived: 

(x ) 

, . ^ . K ^ C9) 
o r 

By eliminating the damping coefficient c bet̂ reen Equations 9 ®nd 10, 

and making the approximation that q '^co^ the resulting quadratic expression 

for the spring constant k is solved as follows: 

k = 2mRto^ R + ±\ R 2 . 1 ill. 

Examination shows that the negative root is the physicallj'-

reasonable one. It is also seen that the spring constant Is related to the 
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resonant frequency in a manner similar to that of Equation 7j» except for a 

damping correction factor which is a function of the resonance amplification 

ratio R: 

2 
k = moj r -4 f(-}i (12) 

A graph of f(R) s 2R IP. - Vn^ = ("̂ /«v) vs R is presented in Figure 2k» 

This graph Indicates that as R becomes large (i.e., c becomes small) f(R)-—^ 1 

and CO — ) u ) . r n 

Equation 12 and Figure 19 thus provide a basis for the 

calculation of the spring constant (and, hence, Youns's modulus) of the 

reduced bean section from measurements of the resonant frequency and resonance-

amplification factor, such as are shotm in Figure 17. This calculation takes 

consideration of the fact that the flexibility of the thickened end sections 

is not completely negligible, as indicated in Figure 25. It is shô «t there 

that, for the present specimen, the spring constant k. of the reduced-section 

"gage length" which provides the desired Young's-modulus measurement is 10^ 

greater than the effective spring constant k for the entire beam as calculated 

by Equation 12, 

The macnitudes of the various component masses which con­

stitute the equivalent concentrated mass ra may be identified as follows: 

Specimen end block m^ (typ,) 0,2k8 Ibm 

First"order correction for rotational inertia of m 0,037 

Armature of electromagnetic shaker 0,56^ 

0,23 X mass of shaker flex plates 0.037 

Flexible connector, nuts, shields, etc, 0,025 

Total m 0.909 Iba 

Once the effective spring constant k (Ibf/in.) is determined 

from the experimental measurements, the Young's modulus value for the gage 
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length region is calculated as shotim in Figure 20; i.e., k̂  - 1,10 k and 

E. = too k-, This calculation, neglects the variation in modulus arisins from 

the temperature gradient along the specimen, but such a correction is negligible 

in view of the relatively mild temperature dependence involved and the minor 

contribution of the specimen end sections to the total compliance. 

k. Thermal Expansion Properties 

In the temperature range froa 20 to about llOO G, the linear 

thermal expansion properties of the various materials were measured under a 

vacuim in a standard Leitz dilatometer. In the range from about 1250 to 

2400 C, the tensile creep-test furnace with the optical elongation measurement 

method described above was employed, 

5« X-Ray Diffraction 

As part of an earlier investigation (23)^ a brief effort 

xfas made to detect evidence for or against the existence of possible "cold 

working" of graphite. Filings of AlF graphite were pulverized with a mortar 

and pestle, and a sample of the finest fraction of this powder (from Tyler 

screen analysis) was vacuum-annealed at I50O C. The annealed sample and 

another unannealed sample \7ere subjected to X-ray diffraction analysis, and 

no evidence of line broadeninc due to working was detected. 

The current investigation presented an opportunity to 

pursue this question further, and X-ray samples were cut from the central 

region of torsion-test specimens of each type of material under consideration, 

both from virgin specimens and specimens subjected to creep at 26OO C, These 

samples were transmitted to Professor B. Eenke of Pomona College for X-ray 

diffraction analysis, using the standard Korth American Philips equipment. 
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I?. EXPERIMENTAL RESULTS 

A. STRESS-STRAIII GlIASACTERISTIffi 

1 , T e n s i l e Meastireaeats 

a. Commercial Grades 

The tensile testing of copaaercial grades of material 

was initiated^ using the standard (low-deasity) Eli-L!! molded stock. Stress-

strain curves for specimens cut with long axes both parallel and perpendicular 

to the grain^ obtained at 2200^ 2510^ 2̂ 1-00̂  and 2500°C and at a total head 

or platen rate of 0.02 in./tain, are presented in Figure 26. Similar data 

obtained at the two intermediate temperatures and at a platen rate of 

0.002 in./min are presented in Figure 27^ and It may be seen by comparison 

that the effect of strain rate appears to become noticeable at temperatures 

of about 2400 C. The large variation in observed properties among specimens 

in a given group manifests the typical non-uniformity of structure within a 

given block of manufactured graphite, a laclc of uniformity recognized by all 

users of conmon commercial grades. 

The most interesting feature of Figures 26 and 27 is 

the occurrence of several instances of S-shaped, stress-strain curves with 

inflection points between regions of positive and negative curvature. In 

other cases, only the region of negative (concave downward) curvature is defined 

This behavior, which is discussed later at ŝ '̂ ater length, was the factor which 

indicated the need for dynamic nieasureiBents of Young's modulus. In addition, 

it was desired to see whether the phenomenon might indicate possible hysteresis 

effects in repeated-loading tests. For this purpose, two specimens of each 

grain orientation at 2^00 C were loaded to a point short of failure, unloaded 

to a low stress level, and reloaded to failure, all processes being conducted 

at a platen rate of 0.02 in./min* The results are presented in Figure 28, 

which again shows wide variations in specimen behavior. Examples of both 

large "plastic hysteresis" and of essentially elastic (although nonlinear) 
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recovery are evidenced. Figure 28 also suggests that the specimens stressed 

perpendicularly to their grain might show reduced hysteresis effects, but such 

a conclusion would have to be substantiated by further tests. 

IJhereas the testing described above sometimes compared 

as many as four specimens under a given test condition, and tests were per-

foBHed at temperature intervals of 100 C, it was quickly discovered that such e 

procedure was not compatible with the scope of the contract; in subsequent 

measurements only two specimens per test condition were employed,and test 

temperatures were standardized at 2000, 2200, and 2to0 C for the tensile 

stress-strain measurements. The data obtained t̂ ith the reimpregnated (high-

density) grade Ĥl-LM stocl: at platen rates of 0.02 and 0.002 in./min are shown 

in Figures 29 and JiQ, respectively. 

In addition to the stress-strain measurements, ultimate 

tensile-strength determinations were conducted st temperatures ranging from 

the ambient level, and the results are shwrn in Figure 31- It should be noted 

that although the reimpregnated Hl|.LM stock appears appreciably stronger than 

its standard counterpart, both materials must be regarded as relatively weak 

in comparison with the grades studied in other investigations (20, 21, 25, 

28, 2$, 30), Data corresponding to failure at the razor cut were discarded. 

Although the present program concentrated on the "BhlM. 

commercial grades, a few tensile stress-strain determinations on Speer Carbon 

Company Grade 3^99 at a platen rate of 0.02 in./min were included, and the 

results are shown in Figure 52. It may be noted that, in this small sanple, 

at least, the 3^99 stock exhibited marked superiority to the WilM grades in 

ultimate breaking strength, ultimate elongation at failure, and reproducibility 

of behavior. 

b. Los Alamos Grades 

Tensile stress-strain characteristics of the four 

grades of stock manufactured at the Los Alamos Scientific Laboratory were 

measured at 2000, 2200, and 2Ji-00°C. The curves obtained for CK stock at 
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platen rates of 0»02 and 0«002 in./min are shotm in Figures 35 ŝ d 3i|-, 

respectively; those for LDII stock in Figures 35 and 361 those for LDG stock 

in Figures 37 and 38; and those for LBP stock in Figures 59 and kO» The 

ultimate breaking strength values nieastwr\over the ra»^ from ambient 

temperature to 2̂1-00 C are sho^m in Figure ^ . It may be seen that the strengtl 

of the uranium-loaded grades increases with temperature in this range, just 

as does that of the pure grades. Grade LBE (containing 125 ̂ 8 tiranium per cc 

graphite) exhibited the highest strength at elevated temperature, a result 

confirming the similar measurements of Wagner, et al. (I5), Ctcing to the 

scatter of the data (resulting from the well knot-m lack of structural 

uniformity in most manufactured graphites mentioned earlier) no clear ranking 

of the other three grades could be established. 

The stress-strain curves indicated that the pure (CK) 

grade of material showed the least plasticity at 2000°C, failing at an ultimatf 

elongation of about 0.1M, compared with values ranging frotn 0,2 to 0,̂ ";̂  for 

the three loaded grades. At 2^00 C, the ultimate elongations obtained mth the 

pure material varied from 0.̂ 5 to 2,0';/7, whereas those of the U-loaded grades 

were somewhat more consistent: 0,6 to 1,2/5 for the IDE stock; I.7 to 2»2f» for 

the LDC stock; and 0,9 to 2,2';j for the LBP stoc!t. In most cases, the curves 

were of the conventional shape with monotonically decreasing slope, but a few 

examples of S-shaped characteristics were encountered, 

2» Torsion,Tests 

a« Commercial Grades 

By the time the torsion-testing was initiated, interest 

in the conmercial grade of graphite had centered on the reimpregnated (high-

density) H^LM stock; hence, this material was the only grade investigated, 

Torque-vs-twist data for Eif-LM specimens were obtained at temperatures from 

20 to 2600 C» Torque-twist curves for specimens with long axes cut parallel 

to the grain obtained at unit-twist rates of 0,5 and 0.1 rad/min-in. are 

shown in Figures ii-2 and li-5, respectively; those for the other orientation in 
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Figures kh and k^' The curves are seen to be of the conventional shape, and 

fairly similar to one another. 

To facilitate an evaluation of the rate effect, high-

temperature data for one grain orientation at the two unit-twist rates are 

compared in Figure h6. Values of the maximtan shear stress (in the outer fiber) 

at failure are presented versus temperatcre in Figure kj^ from which it may be 

seen that the effect of grain orientation is not great. However, the rate 

effect becomes significant at high ten^erature, with the lower rate yielding 

higher ultimate strength values, 

h, Los Alamos Grades 

Ko torsion specimens of the stock with the highest 

uranium loading (LDP) tg-ere furnished for testing, so the measurements were 

limited to the CK, LDII, and LDC grades. The torque-twist curves for these 

materials (taade under the same conditions described above) are presented in 

Figures kB to 55^ and the values for the ultimate shear stress at failure are 

presented in Figure ^k. It should be noted that the LDC grade appeared to 

show the greatest shear-strength values at hijjh teiaperature (but with a large 

scatter), whereas the LDII stock had exhibited superior tensile strength. 

B, CREEP CIIAR̂ ICTZRISTICS 

!• Tensile Keasureinents 

a. Coimnercial Grades 

Tensile-creep measurements for the low-density llhlM 

stock were carried out early in the program at 23OO and 2^00 C, and at stresses 

estimated (from the tensile-strength measurements) to be a certain fraction of 

the breaking strength. Following completion of the tests (which were 

arbitrarily limited to a duration of 60 snin) the specimens were loaded to 

failure in 80~psi increments. These data are presented in Figure 55, With 

the later shift in etî hasis to the re-impregnated stock, the temperatures 

were standardised at 2000, 2200, and 2i|-00 C and the stress levels at I720 and 

20̂ +0 psi. The data from these tests are shox-m in Figure 56. 
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As a supplement to the systematic program, two explor­

atory tests were made in v?hich specimens of the hish-deasity stock were un­

loaded to a low stress following initial creep, allowed to recover, and 

reloaded at the initial stress to study the subse.juent transient. This single 

example, shown in Figure 57^ indicates that the specimen cut with axis perpeti"-

dicular to the grain showed similar transient creep characteristics on both 

loadings, whereas the parallel-cut specimen exhibited a noticeably sharper 

transient on the second loading. 

b, Los Alamos Grades 

The creep measurements on the Los Alamos specimens 

were made at three temperatures (2000, 2200, and 2i!-00̂ C) and at three stress 

levels (1630, 2130, and 25^0 psi). The creep-strain vs time data obtained 

for the pure CK specimens are shotm in Figures 58 to 60, those for the 

uranium loaded specimens (LDH, LDC, LDP) in Figures 61 to 69. 

c. Discussion 

With the exception of the creep-recovery creep curves 

for the re-impregnated llktll stock shown in Figure 57, the curves are presented 

on logarithtnic coordinates in order to permit resolution of the data for times 

less than 5 aiin. It may be noticed that the shape of the smoothed curves for 

the LASL grades (on logarthmie coordinates) differs from the shape usually 

associated with metals; there appears to be no extended region of linearity 

characterlgable by the approximation € = Ct , and the average curvature is 

negative. There did not appear to be any significant evidence of accelerated 

tertiary, or third-stage, creep among the curves from LASL materials, but the 

parallel-cut specimens of re-impregnated llkll'l stock tested at 2000, and 2200 C 

indicated two instances of possible tertiary creep, suggesting iaiminent failure 

Due to its relatively low breafelng strength the grade di material could 
not be tested at the highest stress. 

Page 21 

'-.0 



IV Experimental Results, B (cont.) Report Ho. 1537 

The most striking feature to be observed, however, 

is the frequency of instances in which specimens of nominally identical 

materials under identical conditions yielded siarkedly different creep histories. 

This effect is a manifestation of the unfortunate fact that the structure of 

manufactured graphites varies appreciably, not only between grades but also 

between lots of a given grade, between pieces of a given lot, and bet%-7een 

locations in a given piece. Reduction of these variations by means of 

stringent quality control of manufacturing processes is currently under inves­

tigation by at least one commercial supplier. Even M t h the custom-made 

Los Alamos grades, a variation in the appearance of different batches of the 

non-loaded CK grade was observed; as indicated in Figure 70, the CK-6il-

material exhibited a rougher, more porous structure than did other batches 

of the same grade. This structural difference, which is attributed to intro­

duction of a new batch of filler flour in the manufacture, is reflected in 

the creep behavior. 

The results of tensile-creep studies on similar 

materials by Wagner et al. (I5) at Los Alamos were correlated by the expression 

fi~~^mf&X e"̂ ^ (13) 

where 

£ = Creep strain 

<f* = Stress 

47 = Breaking stress 

V - Uranium content (g/ec) 

n = Bapirical constant 

AH s= Activation energy (cal/mole) 

R = Gas constant (cal/mole K ) 

T ~ Absolute temperature ( K) 
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The several adjustable parameters were evaluated hj employing the "steady'* 

creep rate ^ in the pseudo-linear, straln-vs-tinte region at the high end of 

the time scale. This procedure indicated that f(u) was a double-valued 

function of the creep rate 

f (u) = It + 80U " 1250^ (Ik) 

since grades LDC of intermediate uranium content showed higher creep rates than 

did the other grades, and that n = 3»8 and AH = 69 kcal/mole. 

This procedure was not eiaployed in the present study 

for several reasons. First, the concept of "steadj=^-state" creep, which is 

dubious at best, is definitely inapplicable to the present results which 

showed that the observed creep rates decreased t-j-ith time throughout the 

duration of the tests. Although use of the breaking stress, cF, as a basis 

for obtaining the reduced stress group, <?7cn , corrects for the large property 

variation between specimens, this device is of only aesthetic value. By 

its very nature, (f. is an empirical constant which cannot be evaluated 

S. priori without destruction of the actual piece of material concerned, and 

hence a correlation based on(JT is of no use to the structural designer. 

Finally, it is not physically reasonable that the uranium content should 

influence the pre-exponential factor aloae. The creep rate is generally 

expressable (59) as 

C = f((r, T, St) exp •Ml((n T. St) 

a-..: 
(15) 

where st designates structure, and the influence of uranium content upon 

structure should thus also be tnanifested in the activation energy. A 

similar observation can be made for the stress dependence. 

The method of correlation of the present data, selected 

after reviewing the recent surveys of Schoec!: (59) and Dom (60, 6I) is that 
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employed by Tiets and Bom (62), which assumes that the structure developed 

during the course of creep depends upon a temperature-compensated time, 

9 = t exp (-&H/RT), and that € = £ (9), Thus identical values of © are 

achieved during creep at the same stress at two temperatures at the same 

total strain 

and with the assunsptlon that the temperature dependence of AH Is mild in 

the region from T, to T , 

R ln(t./t„) 

T ~ T 

In keeping within the belief of Bom (61) that the 

most direct approach for investigating the creep mechanisss and its dependence 

upon structural and environmental variables rests in studj^ng not the time nor 

stress laws, but rather the activation energies, the data were reduced by the 

above method and no attention was given to effects manifested in a pre-

exponential or frequency factor. 

The reference creep strain selected for evaluation of 

activation energies was 0.1^, and the t-values employed were the averages of 

the times for the two specimens tested under each condition of creep to this 

strain value. Owin^ to the variation in stress level employed at the outset 

of the work, the data for the standard (low-density) BhlM stock shovm in 

Figure 55 could not be used to. derive activation energies. However, values 

of AH for the re-impregnated lAUi stock are shot-m in Table 1, and those for the 

Los Alamos grades in Table 2. It was noted that the creep curves shoX'in in 

Figures 56 through 69 reveal a large piece-to-piece variation in the time 

required to achieve this strain under nominally identical conditions of 
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material and environment, and this effect is manifested in the large variation 

in the calculated values of AH suraaarized in Tables I and 2, These data 

generally indicate that any temperature dependence of AH has been obscured by 

the material variation, but in general the gross average AH (averaged for a 

given stress level) appears to decrease with increasing stress. 

This result is dissimilar to those reported by Dom 

and his associates for metals, in which the activation energy was found to 

be independent of stress, but is in agreement with the findings of Sherby 

and Dom (63)^ using high-polymeric materials, IJhereas Dom and associates 

also reported strain-insensitive activation ener';;ies, a few calculations x̂ ere 

made using a reference creep strain of 0,2^ for comparison with the data 

presented above, and in almost every case an'increased value of AH was obtained. 

However, in view of the large material variation, a comprehensive study of 

this trend was deferred. 

It was suggested by Dom and co-workers that the 

activation energy for creep of metals at high temperatures (i,e,, T/T — 0,5) 
m 

is equal to that for self-diffusion. Although the values of AH collected in 

Tables 1 and 2 cover a wide range, they are generally lower than the value 

I63 +12 kcal/mole reported by Kanter i6k) for carbon self»diffusion« The 

large variation observed should also be contrasted to the results reported 

for similar materials by Wagner et A» (15), who assumed that the effects of 

uranitm content and stress were isolated in the frequency factor, and 

obtained an activation energy which was roughly constant for all materials 

under all conditions. 
2, Torsional teaaurements 

a, ConBaerclal Grades 

As mentioned earlier, the re-impregnated EhlM stock 

was the only commercial grade subjected to torsional measurements. Duplicate 

torsional creep (twist vs time under constant torque) tests of this stock for 

both specimen orientations were conducted at 2000, 2200, 2^00, 2&0, and 2800°C 
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under torques of 3.6 and 2.5 in,-lb for a duration of 60 mln, and the data 

obtained are shovm in Figure 7I, It may be noted that the shape of the curves 

(again on logarithmic coordinates) is generally similar to that Exhibited by 

the tensile creep curves. 

la order to investigate the effect of work history on 

the transient creep behavior, a single sample of each orientation was subjected 

to creep under a torque of 2.5 in.-lb at 2600 C for 30 min, unloaded, cooled 

to room temperature, and then subjected to a repeated test under the identical 

conditions. The results of these measurements, as shotd in Figure 72, clearly 

indicate a marked difference between the primary creep behavior exhibited by 

the first test of the virsin specimen and the repeated test of the pre-crept 

specimen, 

b, Los Alamos Grades 

Torsional-creep tests of the type described above 

were performed on specimens CK, LIU, and CK stocks under constant torques of 

1.57.? 2.0if', and 2,75 in.-lb and at temperatures of 2000, 2200, 2to0, 2600, 

and 2800 C. The curves obtained from these tests, which are presented in 

Figures 73 through 77, again show the typical shape described earlier. In 

addition, duplicate tests of these materials (but only at the highest torque 

level) were performed at I800 C, and the results are collected in Figure 78. 

Finally, as in the case of the eomnercial stock, repeated tests on a single 

specimen of each grade were performed at 260O G and, as shown in Figure 79^ 

the effect of specimen work history upon transient creep behavior is again 

evident, 

c. Discussion 

The torsional creep data obtained from tests of the 

llkLli and Los Alamos graphites were employed to derive apparent activation 

energies for creep by the method outlined above, ft-iing to the wider tempera­

ture range covered in the torsion tests, hotfever, it was necessarjr to employ 

two reference levels of creep strain (creep twist par unit length), 0.^ and 
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1,0 deg/in. This procedure t7as required by tl>8 fact that, at the higher 

temperature levels, creep proceeded so rapidly that it was difficult to 

resolve the time to achieve a unit twist of 0«k deg/in. with adequate 

precision, whereas, at the lower temperatures, unit strains of 1,0 deg/in, 

were not realized during the 60-mln tests. 

The apparent AH values for torsional creep of the 

Ktol stock are presented in Table 3̂  a;nd it may be noted that, in some cases, 

the effect of material variation was great enoush to effect negative values 

of the apparent activation energy; i,e,, the average time t_ required for the 

two specimens tested at the higher taaperature T to achieve the reference 

twist was greater than the average time t, required at the lower temperature, 

IIo significance is attached to these negative All values (other than as a 

manifestation of large property variations), and the values were included in 

the gross averages presented in Table 3 f©^ each torque level. 

Similar activation energies for torsional creep of 

the Los Alamos graphites are collected in Table h, which also reveals a wide 

spread of AH values (again, a few negative) manifesting large piece-to-piece or 

batch-to-batch variations in structural properties. Examination of the data 

of Tables 3 and k indicates that any effect of temperature upon the apparent 

activation was completely masked by material variations, but suggests that, 

on the average, AH decreases with increasing stress and decreasing strain. 

The effect of strain or work history on creep behavior 

could not be investigated systematically during the present program, but it 

appears pronounced enough to raise questions concerning the interpretation of 

those creep data reported by Wagner et al, (15, 31) and Martens et al, (32) 

which were derived from measurements of the "steady-state" slopes of individual 

sections of straln-vs-time curves obtained from tests in which a single 

specimen was subjected to a series of different stresses or temperatures, 

C, STRESS RELAXATION 

As discussed earlier, Che stress-relaxation measurements were 

performed only with specimens loaded in torsion. 
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1• CoKmerclal Grades 

Torsional stress relaxation measurements using specimens of 

the re-impregnated IÎi-LI'' stock with axes parallel and perpendicular to the 

grain were performed at 2000., 2200, 2to0, 26OO, and 2800°C using initial 

torque levels of 6.83 and k,32 in.«»lb. The tor-.iue~decay curves obtained are 

shown in Figure 80. 

2» Los Alamos Grades 

Stress relaxation tests of the Los Alamos grades CK, LDH, 

and LBC were conducted at 2000, 2200, 2to0, and 2ft)0 C under varying initial 

torques. The torque-decay curves obtained t-jith the three grades are presented 

in Figures 8I-83, 

3, Discussion 

Activation-energy values for. the relaxation process were 

derived by the method of I-lason and Anderson (65) and Anderson and Andreatch 

(66)^ which leads to an expression for AH identical with Equation (I8), 

except that the t"values refer to the time required for the stress 

(or, in the present case, torque) to decay to a given fraction of its original 

value. The reference torque ratio employed in the present study was M/II = 0.6 

and the t-values represent the average time for the tx̂ro specimens tested under 

each condition to relax to this degree. 

Figures 8O-83 exhibit the same type of variation anong 

nominally identical specimens, which was revealed by the stress-strain and 

creep measurements, and again this variation is reflected in a wide scatter 

of apparent activation energies (including some negative values) assembled 

in Table 5 for the Kto-! stock and Table 6 for the Los Alamos grades. The AH 

values for the latter grades represent average estimates for a given narrow 

range of initial torque levels, rather than for a constant level as maintained 

in the EkiM tests. 
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This approximation is considered justified by the fact that 

the material variation appears to mask the effect of both temperature and stres 

(or strain) level upon the activation energy. These results may be compared 

with those of Anderson and Andreatch (66) on gold tyires obtained over a wide 

range of tensile stresses, which indicated a strong negative variation of AE 

x<rith stress level which extrapolated to the value for self-diffusion at the 

zero-stress intercept. 

D. ELASTIC MODULI 

1, Young ̂s Ilodulus 

a. Commercial Grades 

The values of dynamic Young's modulus for the standard 

and re-impregnated Iltol stock, obtained by the technique described earlier, 

are presented in Figure 8k, It may be noted that the modulus ratios.show the 

thermal dependence expected on the basis of earlier measurements (22), i.e., 

an increase with increasing temperature up to about 2000-2200 C, followed by 

a decrease due to thermal softening. It is noteworthy, however, that the 

absolute magnitude of the observed moduli at high temperature are of the 
5 

order 2-3 x 10 psi, a value which is lorn by comparison to the average slopes 
of the tensile stress-strain curves presented in Figures 26 to 30. 

This apparent discrepancy is attributed to the fact 

that the maximum fiber strain produced in the flexural vibration technique 

employed was small, of the order of 0,01^, sad thus the dynamic-modulus values 

obtained corresponded to small oscillations along the "toe" of an S-shaped, 

stress-strain curve of the type illustrated in Figures 26 to 30. Measurement 

of the slope of the ''toe"' regions shown in these figures yielded static modulus 

values of the same magnitude as the dynamic values indicated in Figure 8k. It 

was desired to confirm the above belief by experiments using vibration forced 

at higher amplitude, but it was found that the electromagnetic shaker was not 

capable of effecting an increased amplitude. I-Jhereas greater deflections could 

have been realized by using a more slender specimen section, the natural 
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frequency would thus have been reduced to a value too low to peraiit use of 

the available oscillator. 

b. Los Alamos Grades 

In the case of the Los Alamos graphites^ which were 

manufacttired in the form of relatively thin plates, specimens of the size 

required for the d3mamic measurements could not be fabricated^ and the tensile 

stress-strain ctsrves thus provided the only Young's iaod«lus information on 

these materials. The values derived from measurement of the slope at thg 

stress"Strain origin for the two limiting temperature levels (2000 and 2^00 C) 

are presented in Table 7« Although these values appear to be of the proper 

order of magnitude, and shov? the anticipated decrease in the range from 

2000 to 2to0 Ĉ  they must be regarded as strictly provisional pending con­

firmation by dynamic seasurements. 

2. Shear !'4oduli 

Since only static measurements were made in torsion^ mean 

values for the shear modulus were derived from the slopes of the torque-twist 

curves of Figures k2 to 55 according to Equation 5, The results for the 

re-impregnated Htel stock and the Los Alamos Grades are presented in Figures 85 

and 86^ respectively, llo pronounced rate effect is evident^ but the scatter 

is considerable^ and no attempt to fit a smoothed curve to the data, as was 

possible for earlier dynamic measurements (22), xms laade, 

3» Discussion 

It was noted in the introductory review that no satisfactory 

theoretical explanation for the observed thermal dependence of the elastic 

moduli of graphite had been advanced. Four separate results of the present 

investigatiott, however, suggest that the mechanical behavior may be considered 

analogous to that of hijh polymers. These results were, in order of mention 

in the preceding discussion, as follo-wst 

a. Instances of S"shaped, tensile stress-strain curves 

with regions of positive curvature at low strain levels were observed. On 

some occasions, this inflected curvature could be questioned on the basis of 
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the precision of measurement of the small strains.in/olved, but on other 

occasions the behavior was observed at easily measurable strains, and is not 

considered debatable, 

b. Despite a wide scatter arising from material-properties 

variations among individual specimens, on the aveias© a negative dependence 

of the apparent activation energy for creep upon stress level was discernible, 

a trend which Is strongly evidenced by polyiaer creep bahavior (63). 

c. Dynmnic measurements at low strain level yielded values 

of Young*s modulus of the same low order as the slopes of the "toes" of the 

S-shaped stress-strain curves. 

d. The Young's and shear moduli increase with increasing 

temperature up to the ranse 2000-2200 C, at which point thermal softening 

(creep) produces a decrease. 

In considering the proposed comparison between graphite and 

high-polymer behavior, the following observations concerning polymeric behavior 

should be recalled. Since ordinary polymers exhibit softening at low tempera­

tures, their dynamic moduli initially decrease with increasing temperature until 

the transition from the regime of "glassy" behavior to that of "rubberj'-" 

behavior is achieved, llhen stressed in the rubbery state, these materials at 

high elongations (i.e.,5>200^0 exhibit stress-strain curves of positive 

curvature owing to the conmencement of what, in the vocabulary of rheology (6?), 

is called "strain-induced crystallinity." Under this condition the molecules 

line up from regions of crystalline order as diagramed schematically in 

Figure 87. Also included in Figure 87 are schematic representations of 

polycrystalline graphite structures, as envisaged by Castle (68) and llrozowski 

(10)1 a certain degree of similarily between the representations is obvious. 

The d3mataic modulus of polymers in the rubbery state increases 

with temperature in a fashion which is expressable in the form of a modified 

"equation of state" 
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2 ac I RT (18) 

where 

E - Young's modulus 

p = density of solid 

M = molecular weight 1?etwe«l crosslinks 

and this type of expression is used to determine the molecular weight of 

polymers from experimental modulus measurements. 

Since the individual layers of the graphite crystal are 

bound together by relatively weak van der Waals forces, it dees not seem 

inadmissible to regard these layers as planar molecules loosely bonded to 

form structures analogous to the regions of strain-induced crystallinity 

in rubber-like polymers. The graphite structure is crystalline without 

any pre-strain, and thus stress-strain characteristics with positive 

curvature could be expected at low strain levels, with the inflection to 

negative curvature at higher strain levels beinc attributed to plastic 

defortaation in the conventional sense. The increase in Young's modulus with 

temperature is directly analogous to polymer behavior, with the melting point 

of the material determining at which end of the temperature spectrum theraial 

softening leads to a decrease in modulus with temperature. 

The analogy drawt above is by no means conclusively supported, 

but is advanced as an heuristic argument suggesting that the concepts of 

polymer physics may be useful in interpreting the results of mechanical-

properties measurements on polycrystalline graphites, 

E. THBRML-EXPAKSIOll COEFFICIEOTS 

The results of the measurements of coefficient of linear thermal 

expansion for the Htel and Los Alamos graphites are presented in Table 8. 

Each value tabulated represent an average of two measurements. The coefficients 

for the pure grades are seen to be of the same order of laagnltude as those 

previously reported for other types of stoc!:, and also exhibit the same increase 
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with temperature. The addition of uranium, however, appears to counteract 

this temperature effect, by increasing the average coefficient for the low-

temperature range (20--1050 C) to the point that it may exceed that for the 

high-temperature range (l^0-2l|O0^C), 

F. X-RAY DIFFHACTI01I 

The results of the x-ray diffraction scanning in search of 

possible line broadening attributable to "hot" working during torsional creep 

at 2600 C were negative. Comparison of traces from virgin and txdsted samples 

of each type of stock revealed no evidence of any working, 

V. COMCLUSIOMS AIID REGOMIBIIDATIOHS 

The foregoing discussion has described the results of various mechanical 

properties measurensents on several grades of pure and uranium-loaded graphites 

at elevated temperatures. Tensile-strength determinations indicated that the 

breaking strength of the uranium-laden grades shot/ed the same temperature 

dependence exhibited by the pure grades, a result confirming previous measure­

ments at Los Alamos, and a similar result was obtained using specimens stressed 

in torsion. On some occasions, the tensile stress-strain curves showed an 

S-shape, with initial slopes corresponding to static Young's modulus values of 

5 
the order of 10 psi. Low-amplitude dynamic measurements for the EkLU commer­
cial stock yielded similar values, but it Xfas not possible to Study the effect 
of increased amplitude. 

It is recommended that the elastic and anelastic properties of various 

graphites be made the subject of continuing investigation, and that such work 

should include study of the Internal-friction and Poisson*s~ratio variations 

with environmental and processing variables. If a correlation between elastlc-

anelastic properties and strength properties could be established, a much-

needed means of nondestructive inspection of manufactured stock would be at hand 

Measurements of tensile-creep properties were conducted imder a relatively 

narrow range of stress and temperature. Creep and relaxation properties in 

torsion were studied over a tcLder temperature range, but still within only a 

naxxmr stress range. The data were used to calculate apparent activation 

energies for the thermally-activated diffusional processes involved. 
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The scatter of the results emphasizes the need for continuing efforts 

to produce graphites of increased homogenlety and reproducibility of properties 

from batch to batch. Extension of the present investigation to include a wider 

range of environmental conditions is recommended, in order to delineate the 

effects of stress and temperature upon the activation energy, to study the 

effect of strain history in a systematic fashion, and to investigate the 

effect of a fast-neutron field upon creep and relaxation behavior. This latter 

effect is of obvious importance for high-temperature reactor applications; 

calculations by Schock (69) indicate that, for pure graphite at temperature 
13 2 

T /2, a flux of 10 fast neutrons/cm »sec would double the creep rate other-

wise obtaining without radiation. Tenfold increases in the flux above this 

value would produce corresponding order-of-magnitude increases in creep rate. 

The effect of fission-frasment bombardment on the creep of fuel-loaded s^^phites 

is not so easily estimated. In view of the above situation, it is recommended 

that in-pile creep and/or relaxation measurements on pure and fuel-laden 

graphites be undertaken. 
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TABLE I 

APPAREKT ACTIVATION EllERGIES FOR TSIISILB CREEP 
OF RS-IIffREGHATED E4LK STOOC 

(Reference Creep Strain 0,1 Percent) 

Av Temp, 

<"-" ^ 

2100 

2300 

2100 

2300 

Stress 
psi 

Specimen Axis 

1720 

1720 

2040 

2040 

m 

.kcal/iaole. 

Parallel to Grain 
69.5 

65^3 

6.1 

80.2 

Av All 
, kcal/mole 

67 

43 

2100 

2300 

2100 

2300 

1720 

1720 

2040 

2040 

Specimen Axis Perpendicular to Grain 

114 

109 

97.5 

99-6 

112 

99 

;:able 1 

^y 
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TASLE 2 

APPAREin ACTIVATIOK EIJERGIES FOR TEIJSILE CREEP 
0? LOS ALAMOS GRADES 

(?^eference Creep S t r a i n 0»1 Pe rcen t ) 

Av Temp« 
C 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

2100 
2300 

Stress 
psi 

Grade 

1630 
I65O 

2130 
2130 

Grade 

1650 
I630 

2130 
2130 

25^0 
25^0 

Grade 

I63O 
1630 

2130 
2130 

25ho 
25^0 

Grade 

1630 
1650 

2130 
2130 

25to 
2540 

CK Stock 

LDH 

LDC ! 

LDP 

Stock 

Stock 

Stock 

All 
kcal/mole 

93-9 

O3.2 
70.8 

203 
li9-0 

80.0 
96.2 

iB.k 
31.2 

130 
39.2 

0,8 
lk6 

57a 
108 

111 
5a 
32.8 
123 

81.0 
101 

Av AH 
kcal/mole 

Ik 

77 

126 

88 

25 

85 

75 

72 

58 

78 

91 

Table 2 

" f 
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TABLE 3 

APPAREIH ACTIVATIOH MERCIES FOR TORSIOIJAL CREEP 
OF ?JS-IIIPR1GMTED EkUl STOQC 

m (kcal /mole) 
Av Temp, Torqtie Raf. Unit TtcLst ( d e g / i n , ) 

C i n . - l b O.̂ j- 1.0 

Specimen Axis Parallel to Grain 

2100 2,5 86.5 
2300 2.5 -3.3 
2500 2,5 128 
2700 2.5 -

Av 70 

2100 3»6 121 
2300 5.6 85.2 89.2 
2500 3.6 11̂ 7 I3î  
2700 5.6 - 172 

Av 118 152 

Specimen Axis Perpendicular to Grain 

2100 
2300 
2500 
2700 

2100 
2300 
2500 
2700 

2.5 
2.5 
2.5 
2.5 

Av 

3.6 
3.6 
3.6 
3.6 

85.2 
70,2 
96.7 

" 

83 

61,5 
161+ 

8.5 

-
136 
127 
152_ 
139 

<» 

2I1.3 
ii6.1 
141 

Av 78 29 

Table 3 
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TABLE h 

APPARSi-TT ACTIVATIOH ElI^GIES FOR TORSIOHAL CREEP 
0? LOS ALAMOS GRADES 

AI! (kcal/mole) 
Av Temp, Torque Ref. Unit Tt^ist ( d e g / i n , ) 

C i n . - l b 0 .4 1.0 

2100 
2300 
2500 1.37 57.3 74,9 

2700 1,37 m^ 251 
164 

2100 
2500 
2500 2.04 53.2 150 
2700 2.04 - 189 

170 

1900 
2100 
2300 
2500 2.75 120 159 
2700 2.75 - >133 

15 

2100 
2300 
2500 
2700 

2100 
2300 
2500 2,04 - 214 
2700 2.04 - it5.5 

Av 135 130 

Torque 
in.-lb 

1.37 
1,37 
1.37 
1.37 

2.04 
2.04 
2.04 
2.04 

2.75 
2.75 
2.75 
2.75 
2.75 

1.37 
1,37 
1.37 
1.37 

2.04 
2.04 
2,04 
2.04 

Ref. I 
0,4 

CK Stock 

185 
57.3 
238 

Av 160 

-73.8 
151 
53.2 

Av 43 

28,1 
72.7 
56.9 
120 

Av 69 

L M Stock 

249 
-13.9 

Av 129 

87.3 
182 

Table 4 
Slieet 1 of 2 



Av Temp, 

1900 
2100 
2300 
2500 
2700 

2100 
2300 
2500 
2700 

2100 
2300 
2500 
2700 

1900 
2100 
2300 
2500 

» 

Torque 
iin.-lb 

2,75 
2.75 
2.75 
2.75 
2.75 

1.37 
1.37 
1.37 
1.37 

2.04 
2,o4 
2.04 
2.04 

2,75 
2.75 
2.75 
2.75 

TABLE 4 

1 

Av 

LDC ! 

Av 

Av 

(cont,); 

Ai: (: 
Ref. Unit 
0.4 

54.7 
15.9 
75.4 

-39.1 

27 

Stock 

25.2 
8.0 

106 
159 

74 

81.5 
29.2 
II15 

85 . 

-51.5 
112 
56.0 

Report Ho, 1537 

xal/mole) 
Twist (deg/inTy 

1,0 

34.1 
147 
162 
41.2 

96 

M 
366 

180 
175 
HI 
157 

51.2 
125 

Av 46 111 

Table 4 
Sheet 2 of 2 
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TABLE 5 

APPAREMT ACTIVATION SlIERGIIS FOR TORSIOIJAL-STRESS REMXATION 
OF RE-Il-SPREGKATED H4LH STOCK 

Av Temp 

2100 
2300 
2500 
2700 

2100 
2300 
2500 
2700 

Initial Torque 
in.-lb 

len Axis Parallel 

6.88 
6.88 
6,88 
6.88 

4.58 
4.58 
4.38 
4.38 

to Grain 

Av 

AH 
.kcal/mole 

» 

34.4 
46,3 
72,3 
161 

79 

115 
-29,2 
60.2 

Av 70 

Specimen Axis Perpendicular to Grain 

2100 6.88 35.6 
2300 6.88 49.8 
2500 6.88 39.6 
2700 6.88 130 

Av 64 

2100 4.38 112 
2300 4.38 75.8 
2500 4.38 -42.7 
2700 4,38 151 

Av 74 

Table 5 

;;,! 
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TABLE 6 

APPARENT ACTIVATIOn EIISRGIES FOR T0RSI0HAL-STR2SS RELAXATION 
OF LOS ALAMOS GRADES 

Av Temp 
c 

Initial Torque 
in.-lb 

Grade CK Steele 

6.25 - 6.88 
6.88 - 7.75 
7.75 - 6.83 

3.75 - 4.33 
4.38 - 5.00 
5,00 ' 5.00 

AH 
kcal/mole 

40.5 
80.8 
62.9 

70.1 
72.2 
26.8 

2100 
2300 
2500 

2100 
2300 
2500 

Grade LDH Stoc!: 

2100 6.25 - 6.88 50.5 
2300 6.88 - 7.75 15.5 
2500 7.75 .. 6.88 23.6 

2100 5.75 » 1̂ ,38 46.6 
2300 4.38 - 5.00 19.7 
25ro 5,00 - 5.00 0 

Grade LDC Stock 

2100 6.25 » 6.88 58.7 
2300 6.88 - 7.75 0.98 
2500 7.75 - 6,88 41.1 

2100 3.75 - 4.38 5,1 
2300 4.38 - 5.00 93.8 
2500 5.00 - 5.00 9.8 

Table 6 

\ j 
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TABLE 7 

PROVISIOHAL YOUKG'S MODULUS VALUES FOR LOS ALAI-IOS GRAPHITES DERIVED 
FROM SLOPE OF STATIC STRESS-STMIII CURVES AT ORIGIN 

ng's uoauius \,iC 
of Stock 2000 
Grade __¥ouna;'s llodulus (lo''̂  psi) 

iooô '̂c — _ ~ | _ ^ 

di 1.5 1.2 
ac 1.5 0.6 
ac i.f 0.6 

Av 1,3 0.8 

LDH 1.1 0.6 
LDH 1.0 0.25 
L^H U2 0.25 

Av 1.1 0.37 

LDC 4.5 0.6 
LDC 1.6 0.8 
^^ 0.5 3.5 

Av 3.3 1,6 

LDP 1.7 0.9 
LDP 0.7 0.5 
I-OP isO 0.6 

Av 2.1 0»67 

Table 7 
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TABLE 8 

AVERAGE COEFFICiaiTS OF LIHEAR TIlERtM. E5CPANSI0M 
FOR PURE AI® URANIUM-LOADED g"wAP!IITES 

Type of Stock 

Standard H4LM 
(Parallel to Grain) 

Standard H4LM 
(Perpendicular to Grain) 

Re-impregnated Ii4LM 
(Parallel to Grain) 

Re-impregmated II4LII 
(Perpendicular to Grain) 

CK 

LDH 

LDC 

LDP 

Temperature 
Range C 

20 - 1090 
1260 - 2400 

20 -
1260 -

20 -
1260 -

20 -
1260 -

20 -
1300 -

20 » 
1300 -

20 -
1300 » 

20 -
1300 -

1090 
2400 

1050 
2400 

1050 
2400 

1050 
2400 

1050 
2400 

1050 
2400 

1050 
2400 

Av 
Co« 

Linear Expansion 
efficient ilO'°/°C) 

2.53 
4,32 

2.88 
4.58 

2,29 
4.08 

3.02 
4.55 

2.37 
4.80 

2.90 
4.85 

3.95 
4.00 

4.50 
4.16 

Table 8 



Report l o . 1537 

>(< Uv^i VJ \4 Nrf̂  

Cabinet Helium 
Bot t les 

Fatigue 
Control 
Console 

Oscillo­
scope Detector, 

Feet 

0 

Torsion 

Machine 
Fatigue 
Machine 

Power 
Control 
Console 

—I 
8 

1158-889 

Sink 

Air 
Conditioning 

Rcxsm 

Motor Generator 
3 4 KVA 

Motor Generator 
3 4 KVA 

Vacuum 
pump 

fBeam 
Splitter 

Tensile 
Machine 

[Beam 
Splitter 

Creep 
Machine 

V\fcirk 

Bench 

Projection 

Screen 

Camera 

Table 

Layout of High-Temperatur® Materials-Research Laboratory Figure 1 
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CONNECTION TO LOAD CELL OF TESTING MACHINE 

PLASTIC BAG SEAL-

WATER-COOLED COPPER ELECTRODE-
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-QUARTZ WINDOW 
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-VACUUM PUMP CONNECTION 

SPECIMEN SRIPPER 

1258-164 

Schematic Diagram of Tensile Furnace 
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Figure 3 
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Figure 11 
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View of Torsion-Test Furnace Mounted on Instron Machine 

Figure 16 
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