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ABSTRACT

The thermal conductivity, X, electrical resistivity, p, and absolute

Seebeck coefficient, 5, of two grades of: nearly isotropic graphite were

measured from 300 to 1000 K both before and after neutron irradiation

up to 5.0 * 1021 n/cm2 (>50 KeV). Nominal irradiation temperatures were

823, 923, and 1023 K. The thermal resistance, X'1, of the unirradiated

graphites was proportional to T from 500 to 1000 K. Neutron irradiation

decreased X at 300 K by a factor of 4.5 and. increased p at 300 K by

2.5, in general agreement with previous investigations, and irradiation

changed 5 from small negative values to large positive ones. The product

of thermal conductivity and electrical resistivity was nearly constant

with fluence from 2.6 x 1021 to 5.0 x 1021 n/cm2.



INTRODUCTION

Graphite is an extremely inportant Mtarial with numerous engineering

applications, and this is partly due to the diversity of properties that

can be obtained to optimize performance. Its hexagonal crystal structure

dictates highly anisotropic properties, which are eften observed even in

fine-grained polycrystalline material from different fabrication techniques

(1»,2)« Nuclear applications often subject graphite to high-energy neutron

bombardment, which can have a large effect OK the properties. The thermal

conductivity, A, is especially sensitive to irradiation, and this h*» been

the subject of numerous previous investigationst which have been reviewed

well by K«lly (3) and by Engle and Eatherly (4).

The purpose of this study was to measure the effects of neutron

irradiation at nominal irradiation temperatures of 823, 923* and 1023 K

on the X, the electrical resistivity, p, and the absolute Sccbeetc

coefficient, St of two types of nearly isotropic graphites. The planned

procedure was to measure all three properties of the materials before

and after irradiation to successively higher fluences, but program shifts

prevented work past the first irradiation, and this limits the results.

DESCRIPTION OF SPECIMENS

The graphites studied were AXF-5Qb and H-337,c with densities of

1.85 and 2.00 g/cm9, respectively. The Bacon Anisotrnpy Factor of the

AXF-5Q was A.01 and that of the H-337 was 1.05, thus indicating nearly

isotropic materials.



Several ?.9~e*~lo8g cylindrical specimens were cut: fro* a block of

each type graphite, and three specimens fro* each group cere selected

for study. The selection w*s based on uniformity of p along the length

of each speciatcn and the agreement of p among various specimens* The

maximum p deviation among the three H-33? specimens was 2.5J, and the

deviation of p along the specimen length fro* the average p was less

ehan S1.3X. The average p of each AXF*SQ specimen was within 2.48 of

the other specimens, and the deviation of P along the specimen length

from) the average p was less than tlX in cha worst cast. The diameters

of the specimens varied fro* 1,13 to 1.22 em, deeding on the desired

irradiation teaperature.

After X, p» and S had been determined for the unirradiated

condition, the six speciwens were irradiated for two cycles in the

High Flux Xsotop« Reactor (HFER). The irradiation conditions are

given in Table I.

MEASUREMENT TECHNIQUES

The >,, p, and S of all unirradiated graphites and of irradiated

speciaens AXF-SQ (823 K), AXF-SQ (923 K), and K-337 (1023 K) were Measured

in a guarded longitudinal heat flow apparatus, which operated from 300 to

1000 K. A complete description of the technique is given elsewhere (5).

The X was determined by measurements of electrical power dissipated in

a heater on one end of the specimen and of the temperature gradient a?-ing

the specimen with Pt—10% Rh vs Pt thermocouples. The 5's were calculated

from the voltage drop between platinum thermoelements and the temperature

difference between adjacent thermocouples. The p's were determined by a

standard four-probe direct-current technique.



Thermocouple attachment to the specimens presented * problem since

tKe thermoelements had to be removed for irradiation of the specimens.

Wt drilled 0,0508-cm-diam holes radially through the specimen. A

0.0254-cm-Ciam platinum wire was then bent back upon itself and pressed

into thk radial hole on one side of the specimen. A ?t~10Z Rh wire of

the same configuration and sice was pressed into the hole on the other

side of the specimen opposite the platinum wire, so that the thermocouple

junction was made through the graphite on an isothermal plane. This

type contact worked satisfactorily *• long *» the temperatures at the

contact points of the two thermoelements were the same and heat flows

along the wires in the vicinity of the wire-specimen contact were small.

The latter requirement was ensured by wrapping the insultated wires

around the specimen in an isothermal plane and by the presence of a

aatched guard surrounding the speciaen (5)°

Irradiated specimen H-337 (623 K) was broken during irradiation

capsule disassembly, and this prevented measurement in the above device.

However, a small piece of this specimen was salvaged, and the X and S

were Measured in another apparatus (apparatus called ORNL-2 by Laubitz

and McSlroy (§)) from 100 to 400 K.

MEASUREMENT UNCERTAINTIES

The measurement uncertainties were estimated to be less than ±4Z,

±5%, and ±0.1 yV/K for p, X, and 5, respectively, on the unirradiated

graphites. The uncertainty in 5 Increased to ±0.5 uV/K for the

irradiated graphites. The large uncertainty in p and about one-half

that in X were due to the method of thermocouple wire attachment, which

led to uncertainty in thermocouple junction locations.



RESULTS ON UNZRRADZATED GRAPHITES

The thermal resistance, A"1, of nest unirradiated graphites increases

as T over a large temperature range; and we have, therefore, plotted A'1

vs 7 in Fig. 1. Above 500 K, A~* is linear with T for all specimens

measured, and results from the three H-337 specimens agree to within ±2X

and those from the two AXF-5Q specimens to within ±1%. This good

agreement reflects the homogeneity of the specimens aa well as the

reproducibility of the measurement technique.

The X of an AXF-5Q graphite specimen with a p at 300 K of 1138 pH-cm

was not measured before Irradiation. Its calculated A~* based on p is

presented in Fig. 1 as the dashed line. Sicce all the AXF-5Q results

and all the H-337 results agreed so well, smoothed values of A have been

selected for each material at even temperature intervals, and these are

given in Table II.

The S and p results from the unlrradiated specimens are sh^wn in

Fig. 2t and the similarities of the temperature dependences of the two

properties are apparent. The scatter of S data about the snoodi lines

representing the AXF-5Q and the H-337 is within the stated uncertainty

of ±0.1 uV/K. All p results are within ±1.42 of the curves drawn through

the data and this scatter is well below the p uncertainty of ±4Z>

Value taken from the S and p curves of Fig. 2 at even temperature

intervals are given in Table II.

RESULTS ON IRRADIATED SPECIMENS

Neutron irradiation has an effect on all three properties measuted.

As shown in Fig. 3, irradiation doubled the electrical resistivities but



did not greatly affect the temperature dependence. The S values change

from negative to positive, and their magnitudes increase sharply with

irradiation, as shown in Fig. 4. Measurements were not made on the

other two irradiated specimens.

The A results on the irradiated specimens are compared to the

unirradiated in Fig. 5. Ntutron irradiation reduced A by a factor of

4.5 near SCO K and 'jy 2.5 near 900 K. The H-337 graphite had the higher

A before irradiation, and even after irradiation to 5.2 * 1021 n/cm2.

Figure 6 shows the present X results vs fluence and compares them

to other data (7—10). The initial rapid decrease in X with neutron

irradiation is apparent, and it appears that the effect of neutron

damage on X has nearly saturated at some fluence below our lowest value

of 2.6 x 1021 n/cm2. Bridge et al. (11) have indicated that for

irradiation temperatures near those of this study, X should be nearly

constant with fluence above 1 * 1021 n/cm2, and we have taken this into

consideration in drawing lines through our results.

DISCUSSION OF RESULTS

In metals and semlmetals, X can be expressed as

Where A if the electronic component due to free charge carriers,

and A. is the lattice component due to quantized lattice vibrations or

phonons. In metals, X. is small, and the majority of the heat is carried

by the same free electrons responsible for the electrical conductivity.

This is the source of the well known Wiedemann-Franz-Lorenz ratio (12).
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In graphites, phonons carry most of the heat, and the linear relation

observed between A and T is generally attributed to three-phonon

uaklapp processes, which are dominant in scattering phoncmt and hence

in restricting A.

Although X of graphites is snail, it has been shown experimentally

that A and p are related for artificial graphites, and there are as

many equations proposed for A as a function of p as there have been

investigators. Our 300 K results on the unirradiated graphites are

within HX of the equation

A • 1.56 x 1O"S p"1 - 0.266 x lO"6 p~2 (2)

proposed by McElroy et al. (13). This equation represents available

data from unirradiated artificial graphites with p values between

500 iifi-cm and 5000 yft-cm. The reason for the A-p relation is that the

same porosity, grain boundaries, and tortuosity within a specific bulk

graphite scatter both phonons and electrons and hence effect both

properties. Tyalor et al. (14) have shown that the mean free paths

arci of the same magnitude.

Equation (2) is not valid for irradiated graphite. The reduction

in A during irradiation at the temperatures of this study is partly due

to vacancies (3), which scatter phonons within the basal plane. The

p is affected similarly in that there are more scattering centers for

the charge carriers. However, the introduction of vacancies in the

basal planes also shifts the Fermi energy, 6", to another region of the

density of states curve, n(e), and this has a direct effect on p (12., 15).



Hatsuo (16) has proposed that the product A x p of graphite irradiated

at 575 to 675 K is linear with fluence up to a fluence of 2.2 * 1021 n/cm2.

In Fig. 7 we show X x p vs fluence from Hatsuo *s work and compare this

to our results at greater fluence. It appears that the product of X and

p temporarily saturates immediately above the upper fluence cf Matsuo's

results. This could change, however, at much higher fluence.

The large and positive S's of all the irradiated graphites are

particularly interesting. The same vacancies within the graphite basal

planes that lower X and raise p also change the sign and magnitude of

S by shifting 5 to a region on the density of states curve (15_, 37),

where dn(e.)/de and, hence, S are large (12). The effect of irradiation

on all the properties is similar to that of substitution of boron in

carbon sites within the basal plane, although a boron atom is not as

effective as is a vacancy. Kelly et al. (18) have shown that the

scattering of phonons by vacancy sites is about three times as

strong a* scattering by substitutional boron. The S of boronated

graphite is also positive and large with a maximum of 80 pV/K at a

concentration of 0.05Z B by weight, and this led to attempts to adapt

the material to high-temperature thermocouple use (19). Changes of

the Hall coefficient from small negative values to large positive ones

have also been noted in graphite after irradiation (17).
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TABLE I.

Description of Graphite Specimen Irradiations

Temperature of
Irradiation

<K)

823

923

1023

aE > 50 KeV.

(n

6

10

12

Flux3

cm"2 sec"1)

.8 x 101"

.5

.9

Fluencea

(n /cm2)

2.6 x 1021

4.2

5.0



TABLE II.

Thermal Conductivity, Electrical Resistivity, and Absolute Seebeck
Coefficient of Unirradiated AXF-5Q and H-337 Graphites

300

400

500

600

700

800

900

1000

X
(W cm"1 K"1

1.22

1.11

1.01

0.93

0.85

0.79

0.74

AXF-5Q

P
) (yn-cra)

1119

981

885

820

780

755

742

730

5
(MV/K)

+2.15

+1.80

+0.90

-0.35

-1.70

-2.85

-3.50

-3.45

A
(W cm"1 K"1

1.67

1.53

1.35

1.23

1.09

1.00

0.92

0.85

H-337

P
) (Ufl-cm)

773

695

648

624

610

603

599

602

S
(MV/K)

+0.35

-1.30

-3.70

-5.75

-7.4

-6.3

-8.55

-8.0
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Fig. 6. Thermal conductivity of H-337 and AXF-5Q graphite vs neutron

fluence from the present study and of other graphites f

previous investigations. All data shown are for 300 K.
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