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ADSORPTION PROPERTIES OF VIRGIN 
AND IRRADIATED GRAPHITE 

INTRODUCTION 

Theoretical Considerations of the Experimental Problem 

Experimental studies relating surface characteristics 

and crystalline behavior in solids are indeed very scant. 

The lack of correlation between the atomic structure of a 

crystal as revealed by its x-ray diffraction pattern and 

the chemical properties of its surface can be attributed 

partly to the difference between its surface structure and 

its bulk structure. Crystallography and crystal chemistry 

deal with infinitely extending arrays or atoms in space but 

do not consider surface. Crystallographic studies are 

limited to lattice symmetry, interatomic distances, and 

coordination numbers or the atoms. These parameters are 

useful in structural problems, but they are not directly 

applicable to the surface characteristics of the crystal. 

Pertinent information is needed regarding the relationship 

between structural characteristics of the solid and its 

chemical behavior. 

Graphite is a crystalline solid whose importance 

occupies a prominent position in the development of atomic 

energy. The use of graphite as moderator material in 

atomic reactors has necessitated a large quantity of infor

mation concerning the effects of radiation flux on its 
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physical and chemical properties. Research undertaken at 

various laboratories dealt primarily with the effects of 

radiation flux on physical properties of graphite such as 

dimensional characteristics, electrical resistivity, thermal 

conductivity, Hall coefficient. crystalline structure and 

stored energy. All of these properties undergo significant 

changes when graphite is subjected to radiation flux, and 

in particular energetic neutron flux. (7) 

One of the most important effects induced by neutron 

irradiation on graphite, in a low temperature (20-100°0) 

environment, is the changes of its physical dimensions. 

(17, pp. !4-17) This radiation effect can be detrimental 

to the overall structure of an atomic reactor. Although 

x-ray diffraction studies on graphite have indicated a 

crystalline growth or expansion along the C axis caused by 

netttron irradiation, this crystalline expansion has been 

fottnd to be many times greater than the increase in physical 

length experienced tor irradiated artificial graphite. 

(18, pp. 29-30) This phenomenon has been attributed to the 

faot that the individual crystallites, in expanding during 

neutron irradiation, have occupied neighboring empty pore 

apace. (22, p. 25) In doing so, the overall effect on the 

dimensions of graphite should be smaller than can be attrib

uted to crystal growth, which ia precisely what has been 

observed. The existence of this empty pore apace baa been 

known from comparison of apparent graphite density to 
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crystallite density. (20, p. 170 and Table 1) 

To understand the expansion of physical dtmensions for 

irradiated graphite, one must study not only the character

istic properties of the micro-crystalline structure which 

is primarily responsible for the physical expansion, but 

also the macro-structural characteristics of that solid. 

One approach in this view is the study of surface proper

ties. The expansion of graphite crystallites into the voids 

and pores of artificial graphite should be detected by this 

means. Surface area magnitude, pore-size distribution, 

density, and heat of adsorption or graphite are studies 

included in this thesis. 

Because the surface of a solid is a dynamic component 

in all heterogeneous reactions, a thorough understanding or 

a relationship between crystal structure and surface ia 

absolutely necessary. A crystalline structure of a solid, 

such as that of graphite, when altered by neutron irradia

tion, would be expected to exert an ~ediate influence on 

the surface energy of the solid. The characteristics of the 

surface or a solid must therefore play an important role in 

the irradiated graphite-gas reaction kinetics. Irradiated 

graphite-gas reaction kinetics is a problem or prime impor

tance in the graphite moderated air-cooled atomic reactors. 

Although the nature of the problems outlined above 

demanded a close examination or the graphite surface charac

teristics, no systematic studies were ever undertaken to 
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investigate the physical parameters associated with the 

surface of irradiated graphite. The purpose of this study 

was to investigate the changes that take place on the 

surface or the graphite before and after this material has 

been exposed to radiation. It was proposed further that 

these investigations of the surface characteristics of 

graphite would include measurements of the surface area 

magnitude, pore-size distribution, absolute density and 

heat of adsorption. Results from these measurements would 

help to correlate crystalline expansion and physical dimen

sion changes for irradiated graphite. 

General Characteristics of the Graphite
Used in the Experiments 

The structure of graphite crystals as revealed by x-ray 

studies consists of hexagonal layers of molecules which are 

separated by a distance of 3.35 angstrom units. This dis

tance is so large that it is unlikely that covalent bonds 

exist between these layers. Each of the layers is a giant 

molecule and the superimposed layer molecules are held 

together only by weak van der Waal forces. Extensive x-ray 

diffraction studies have indicated that all natural graph

ite& are similar in their structural nature regardless of 

the geographical location at which they are found. (19, 

pp. 8-9) Artificially manufactured graphite is found to 

have crystalline characteristics similar to natural graphite. 
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The crystallites in the formed artificial graphite are held 

together with a "binder" which is graphitized at high 

temperatures. The manufactured graphite is extruded in 

bars of desired size with the long dimension parallel to 

the extrusion axis. The crystallites are preferentially 

oriented parallel to the extrusion axis as evidenced by the 

anisotropy of physical properties such as thermal conduc

tivity measurements. (see Table 1) 

The graphite samples used throughout the experiments 

were all manufactured artificially. Almost any organic 

material that yields a high carbon content on pyrolysis can 

be used as a raw material; these shown in the diagram 

(Plate I) are the most common. Nearly all types of graphite 

used in this work were manufactured from petroleum coke, 

unless otherwise specifiedo The diagram (Plate I) shows the 

various steps included during the manufacture or artificial 

graphite. The various letter titles used in this thesis to 

designate the samples in the experiments denote the kind of 

commercial coke and pitch binder used in their manufacture. 

(See appendix) The physical properties of the various types 

of graphite used were almost the same except where otherwise 

mentioned. Table I summarizes the most important physical 

properties of artificial graphite. (15, P• 2) 
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Table 1 

Physical Properties of Tzpical Artificial Graphite 

Apparent or Bulk Density (gm/cc) 1 . 61 to 1 . 71 

Sublimation Temperature 3650°C 50°0 

Heat of Sublimation (kcal/mole) 177 

Heat of Combustion (cal/gm) 7835 

Thermal Conductiv1tyt Parallel to the Transverse to 
27°C ( ogs units J extrusion axia the extrusion 

of a bar axis of a bar 

caloriea 0. 29 to 0. 32 
om . aec. 0 a 

Thermal Expansion Per
Degree ( 0c- ) x 106 1 . 1 to 2 . 4 2 . 1 to 3 . 8 

Tensile Strength {lbs/1n2) 1200 to 1500 

Crushing Strength (lba/in2) 2100 to 5100 

Typical Chemical Analysis 

Ash ~ Parts per Million 

0 . 037 to 0 . 084 Calcium Boron Vanadium Titanium Iron-
15o-26o o. 48-o . 66 8-160 12-20 11-18 

X- ray (Co) apaoing 3. 35A0 

(Distance between two adjacent layers) 

X-ray crystalline density (grama/cc) 2. 266 
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DIAGRAM INDICATING THE STEPS INVOLVED IN THE MANUFACTURE 
OF ARTIFICAL GRAPHITE. ( 15) 
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Th$ Radiation Flux Used tor Sample Exposure 

Thermal neutron flux is calculated from specific power 

generation in the Hanford piles with the assumption that all 

heat generation originates from fission ot uranium and is 

transferred to the water since heat loss by other means in a 

pile is negligible by comparison. 

The radiation flux in the Hanford reactors is usually 

expressed in megawatts per central ton of active metal 

MW/CT. This value is obtained. from the average heat gener

ation of the uranium loaded tubes sarrounding the exposure 

facility and aa assumed cosine flux distribution along the 

tube. The nvt values in neutrons per aquare centimeter used 

in this theaia express the total integrated flux to which 

the adjacent uranium columna were exposed during the time 

the samples were in the pile. 

It has been estimated that the neutron energy spectrum 

in the pile extends from l4 Mev down to zero electron volta. 

(11; p. 59) It is expected that neutron damage on graphite 

is produced by neutrons possessing energy values at least 

greater than 25 electron volta. But since the incoming 

neutron will not transfer all of its energy upon collision 

with a carbon atom, it has been estimated that neutrons 

possessing an energy less than 100 electron volts will not 

displace the carbon atoms in the graphite lattice. (25) 

The exposure ot a sample in a given position 1a 
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expressed in megawatt day per central ton or act1Ye metal 

MWD/CT. The conversion factor of flux from MWD/CT to nvt 

ia ·: lMWD/CT = 3 x lol7 nvt. The MWD/CT and nvt values 

reported are accurate to within a nominal 10 to 20 per cent. 

<4, p. 4> The description or test hole and process tube 

experimental facilities at the Hanford piles is given in 

detail elsewhere. (8) 



10 

EXPERIMENTAL METHODS 

Introductory Remarks 

An experimental system was designed to measure the 

surface characteristics of graphite. This apparatus was 

similar to that suggested and used by Brunauer, Emmett and 

Teller. (2) (Plate II and photograph 1). Nitrogen 

adsorption-desorption isotherms were obtained tor a given 

sample at liquid nitrogen temperatures and the surface area 

and pore-size distribution were computed from these data. 

Furthermore, nitrogen isotherms on graphite were ob

tained using two cooling baths or different temperatures 

(e.g. liquid nitrogen- 195°C and liquid oxygen- 18)0 0). 

The two isotherms obtained at these two different tempera

tures were used to construct isosteric graphs. Isosteric 

graphs were used to calculate the heat of adsorption of 

nitrogen on graphite as well as other thermodynamic quan

tities associated with the surface of graphite. 

The design of the apparatus can best be discussed after 

some introductory remarks on the methods used tor the deter

mination of the surface characteristics of graphite. 

Method for Computation of Surface Area 

In recent years the study ot the adsorption of gases 

on solids has received considerable attention from both the 

theoretical and experimental point or view. Although many 
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attempts to explain adsorption phenomena have been made, 

it was not until Brunauer, Emmett and Teller developed the 

so-called "multilayer theory" that a satisfactory explana

tion of existing types of isotherms was made. 

The basic assumption of the Brunauer-Emmett-Teller 

theory, commonly abbreviated as B. E.T., is that condensation 

forces are the principal forces in the physical adsorption 

ot a gas on a solid surface. 

The B.E.T. theory for the isotherm results in the 

following expression for the volume of a gas adsorbed on 

a given surfaces 

v • ( 1) 

Here V is the volume ot the gas in cubic centimeters at 0°0 

and one atmosphere pressure; P is the pressure in mm Hg at 

which adsorption takes place; P0 is the vapor pressure ot 

the gass in mm of Hg at the temperature of the adsorbent; 

c is a constant related to the heat of adsorption; and 

Vm is the volume of the gas in cubic centimeters necessary 

to fo~ a single layer over the entire surface. The deter

mination or V makes possible the measurement of the total m 
area. Vm is a constant for a given sample. In determining 

the quantities in equation (1) P, P
0 

and V are determined 

experimentally and Vm and c are obtained by rearranging 

equation {1) into linear form: 
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p = 1----+ 
(2)v (P0 -P) vm c 

and by plotting P/V (P0 -P) va P/P0 • From equation (2) it 

follows that: 

Slope = (3) 

Intercept on the ordinate : 1 <4> 
vm c 

from which Vm and c are determined. Because Vm is the 

volume of' gases at 0°0 and one atmosphere necessary to 

cover the surface with one layer of gaseous molecules it 

is a simple matter to convert it to the magnitude of the 

solid surface involved by using certain assumptions as to 

the area covered by each molecule. The use of a given 

graphite-nitrogen gas isotherm in measuring the surface 

area of the graphite by the B.E.T. method entails: (a) se

lecting the point on the isotherm curve corresponding to 

the completion of a monolayer ot adsorbed molecules and 

(b) aasigning a value for the average area covered by each 

adsorbed molecule. The selecting of the point on the iso

therms corresponding to a monolayer of the adsorbate on the 

solid is the crux of' the entire problem ot using adsorption 

isotherms tor measuring surface areas by this method. Both 

an empirical method arr:!.ved at from several converging types 

of evidence and a theoretical method for accomplishing this 

have been developed. (5), (12) In assigning a value to 
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the average area occupied by an adsorbed molecule on the 

surface, it has seemed reasonable to calculate the diameter 

of the adsorbed molecules from the densities or the liqui

t1ed or of the solidified adsorbate. (6, PP• 310-315) For 

liquid nitrogen at ·195.8°0 the area is found to be 16.2 

square angstromao At the time these studies were initiated, 

the general opinion .in the literature was that the value ot 

15.~ square angstroms should be used for the cross-section 

area or a nitrogen molecule. In all calculations ot surface 

area this value was used exclusively. Recently, however, 

the former value of 16.2 square angstroms is generally used 

in the literature. 

The surface area was calculated as follows atter the 

vm had been determined: 

(Vm) (Jf) 15.~ X 10·16 

tJ = (5)
(P) 104 

where B is the Avogadro number, 15.4 the area occupied by 

a single nitrogen molecule in square angstroms and (P) the 

volume of one mole ot gas in cubic centimeters at standard 

conditions. The constant lo4 in the denominator is a con

version factor of square centimeters into square meters. 

Vm is the volume ot gas at standard conditions in cubic 

centimeters required to cover the surface ot a given solid 

with one layer or gaseous molecules. Then the surface area 

per gram is given by: 
• 



(6) 

where S~ ia the surface area per gram in square meters per 

gram and M is the mass of the sample in grams. 

Method for Computation of Pore-Size Distribution 

The method used for the comput tion of pore-size 

distribution has been developed from the analysis of nitro

gen desorption isotherms in terms of the Wheeler theory of 

combined physical adsorption and capillary condensation . 

(1) This technique was developed to deal with relatively 

coarse porous adsorbents, such as some clay cracking cata

lysts, bone char and silica gel . The method has been found 

satisfactory for other porous solids such aa artificial 

graphite and various other carbons. In the computations 

for the pore-size distribution by this method it was assumed 

that equilibrium between the gas phase and the adsorbed 

phase (liquid state) during desorption was determined by 

two mechanisms: (1) physical adsorption in multilayer& on 

the pore walls, and (2) condensation in capillaries. The 

pore radius corresponding to a specified relative vapor 

pressure on th desorption isotherm is the thickness, t, of 

the physically adsorbed layer plus the meniscus radius, Rk' 

of the condensed phase in the inner capillary. To get the 

relationship between the multilayer thickness t and P/P ,
0 

the experimental data of Shull was utilized . (21, pp . 1405
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1410) The multilayer thickness t was determined by the use 

of desorption isotherms on a non-porous crystalline material, 

assuming that the same relationship applied to porous mater

ials. The capillary radius, as a function of P/P
0 

, is 

expressed by the classical Kelvin equation, 

-2 () V OOS X (7) 
RTln P/P0 

where <r is the surface te·nsion and V the molar volume of 

the liquid adsorbate, x, the contact angle, which is assumed 

to be zero for nitrogen, T the temperature and P/P is the
0 

relative vapor pressure. In this method it was also assumed 

that all pores of equal rradius can be regarded as responding
I 

t
in the same way with re$peot to changes of P/P of the ad

. 0 

sorbate. Using the above expression (7), P/P values taken 
. 0 

from the desorption isotherm were inserted in the equation 

and Rk' the capillary radius, was calculated. Since the 

desorption isotherm gives a volume of adaorbate-P/P
0 

relationship,. the volume in pores of Rk magnitude can be 

computed. Values of t (the multilayer thickness) and Rk 
corresponding to a given P/P

0 
were then computed because 

Rp :: Rk + t. Rp is the pore radius in question, oorrea

ponding to the relative pressure taken from the desorption 

isotherm. The details of calculations are given in the 

original papero (1) 

This method for calculating the pore-size distribution 

of porous graphite from the analysis of nitrogen-graphite 
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desorption isotherms at liquid nitrogen temperatures has 

been compared with another method which is entirely inde

pendent of the adsorption isotherm. (13, pp. 3156-3158) 

In this method, pore-volume distribution are obtained by 

the use ot a high pressure mercury poros1meter developed 

by Ritter and Drake. (16, p. 782) In their method the 

volume, V, measured by the dilatometer of the porosimeter 

is the volume of all pores having radii greater than R. 

The radius, R, is related to the pressure, P, exerted by 

the porosimeter by the equation developed by Washburn. 

(28' p. 115) 

R :: - -2 d" cos x/KP (8) 

where tr is the surface tension of mercury, x is the angle 

of contact between the mercury· and the pore wall, and K is 

a conversion factor for the units used. 

Several porous samples were run by the two methods and 

then compared. The results obtained by the two methode were 

very satiatactory. (13, p. 3158) The mercury porosimeter 

method requires the utilization of very expensive equipment 

since prestures in the excess of 40,000 to 50,000 p.s.i. are 

needed, especially it small pores are to be investigated. 

Thus the nitrogen adsorption method is more desirable for 

the measurement of micro-pores such as graphite possesses, 

and it is the one used tor all of the experiments outlined 

in this thesis. 
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Method for Computation of Density 

The density of graphite can be measured by the well 

known method of helium gas displacement. (20, p. 170) The 

sample in question was placed in a container where volume 

has been predetermined by usins helium gas at a given con

trolled temperature. The volume of the container plus the 

sample was then measured, using helium gas at a thermostat

ically controlled temperature. The difference in volume 

before and after the sample is placed in the container gives 

the volume occupied by solid graphite mat~rial. The appara

tus and o tgasaing procedures were the same as those used 

for surface area and pore-size determinations. The 

container in which the sample was placed can be attached 

at point (D) Plate II. The experimental procedure used 

was similar to that which will be described later ' in this 

paper for the determination of free space in the .surface 

area measurements. 

Helium gas was used in density measurements, not only 

because of its inertness, but also due to its ideal behavior 

and its small molecular size capable of entering most of the 

smallest pores of the solid. 

The mathematical equation used to calculate the density 

of a given sample is:. 

Weight of the graphite sampleDensity  •-
Volume of the container when empty 

Volume of the container plus sample 
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Density measured by the helium displacement method will be 

termed absolute density throughout this thesis. This 

terminology is used to distinguish the density determined 

by the helium method from the graphite density determined 

by the x•ray diffraction method and fro.m the geometrical or 

bulk density which is determined by dividing the weight or 

a given sample by its geometrical volume. 

Method for Computation of Heat Adsorption 

The calculation of the value ~B, heat of adsorption, 

derives its importance from the fact that it ia a measure 

or the interaction energy between the adsorbed molecules aa 

well aa the surface atoms. 

A general equation representing the relation between 

the amounts of gas adsorbed and the temperature and pressure 

at which this gas is adsorbed can be written as: 

f(T, P, V) : 0 (9) 

in which V is the amount of gas adsorbed per gram of a given 

solid, T is the temperature and P the pressure. Once the 

function f(T, P, V) ia known, the differential enthalpy or 

heat of adsorption can be deduced because: (10, PP• 411-415) 

"d ln p) = (10)t a T _ 
A 

where ~H is the differential heat of adsorption and may 

bo a function of the temperature and degree of coverage. 

(See appendix for r) The above equation is derived on the 
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assumption that since we compare two intensive parameters 

under two equilibrium conditions, the following expressio11 

can be set up: ~r e~~ (11), and for infinitesimal 

changes during equilibrium conditiona, ~,4-cr == d'). (12) 

where ~ and ~~are the change in chemical potentials 

of solid surface and the gas adsorbate respectively. It 

was assumed the ideal gas laws should hold at the low 

temperature and pressures that the experiments are conducted. 

For the derivation of the equation (10) the original paper 

should be consulted. Usually the above expression (10) is 

replaced by: 

~ H 

R 
(13) 

Here, P1 and P2 represent the pressures at the temperatures 

T1 and '1'2 when a certain amount of V, volume of a given gas 

has been adsorbed.· As it is generally difficult to obtain 

exactly equal coverages at the two temperatures, the normal 

procedure is to perform a series of measurements at various 

pressures for the two temperatures. Equation (13) is 

essentially similar to the Clausius-Clapeyron expression. 

In treating experimental data, the following expression is 

used: 

The Clausius-Clapeyron equation may be applied to the 

isostere to determine the heat or adsorption in the same 
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manner as the heat of vaporization may be determined from a 

vapor-pressure curve. Two isotherms can be obtained using 

the same volume of a gas on a given graphite sample at two 

different temperatures. When nitrogen gas is used, two 

liquid baths were employed; liquid nitrogen and liquid 

oxygen giving temperatures of -194.8°C and -182.8°0 respec

tively. For each isotherm log P is plotted against the 

volume of gas adsorbed, V. From the graphs obtained, P1 

and P2 were taken at the corresponding values of temperature 

T1 and T2 keeping the volume constant. These values of 

temperature and pressure were inserted in equation (12) and 

~H calculated for various selected values of V. (12, 

PP• 2353, 2354) 

Wilkins (29, p. 496) has suggested that the correct 

method of applying the Clausius-Clapeyron equation to 

adsorption data entails the use of a constant fraction of 

the surface covered rather than a constant volume of ad

sorbed gas at the two temperatures used. A fraction of a 

surface covered by a given amount ot gas is given by: V/Vm 

(15) where V is the volume of a gas required to form a m 
monomolecular layer of adsorbed gas on the surface of the 

solid. V has been described in a previous section of this 
m 

paper. V is the volume in cubic centimeters adsorbed per 

unit weight of the adsorbent at a given pressure. 

Having ~ H values for each value of V/Vm, a curve can 

be constructed for a given graphite sample. 
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Curves of this kind corresponding to specific graphite 

samples can be compared if one wishes to know the relative 

change in surface energy of the graphite samples due to 

Yarious external influences as, for example, neutron 

irradiation. 

Description and Operation of Apparatua 

m order to determine the area by utilizing the B.E.T. 

theory, one must have the data necessary to find the quan

titles in equations (2), {3), and <4>. A plot of P/P
0 

versus P/V(P -P) is made from which the slope ~d intercept
0 

are found. One must find P, the pressure; V, the volume of 

gas adsorbed at the pressure, P; and P
0 

, the vapor pressure 

of the gas · at the temperature at which the adsorption was 

determined. The data deseribed above were also used for 

the calculation of pore-size distribution as well as for 

the heat of adsorption for a sample of graphite . 

Because several values of P/P are required, the 
0 

pressure in the apparatus was altered so that a series of 

points could be determined. 

Because P will depend solely upon the temperature of 
0 

a low temperature bath, it can be determined independently 

from the actual adsorption data, that is of P and V. 

The apparatus shown in Plate II meets all the necessary 

requirements outlined above. The volumes of the various 

bulbs in the burette (B) were determined before the apparatus 
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was assembled. The remaining volume of the system between 

stopcock (A) and the reference point (M) of the manometer 

(C) was determined by using purified helium gas. Also. the 

void space in the adsorption bulb (E ) was determined in the 

same manner. Helium was used because its adsorption at 

liquid nitrogen temperature is effectively zero on nearly 

all solids. 

Once all of the free space was known and the system 

evacuated, a sample of purified nitrogen gas was admitted 

to the burette with stopcock (A) closed. By determining 

the pressure · and the temperature of the burette, this vol

ume can be converted to standard conditions. With a liquid 

nitrogen bath surrounding the adsorption bulb (E). stopcock 

{A) was then opened. After allowing sufficient time for 

the system to reach equilibrium, the pressure was again 

determined with the manometer (C). This, together with the 

known volume of the system up to stopcock (A), allows the 

determination of the volume of gas remaining in the burette, 

Thus the volume of gas adsorbed was the original volume 

minus the amount remaining in the burette and the amount 

in the adsorption bulb. 

By allowing the mercury to fill the various bulbs of 

the burette, the pressure of the system could be altered 

by known amounts, and hence several points on the B. E.T. 

equation plot could be determined. (see equation 2) 

Referring to Plate II, bulbs (F) and (G) were gas 



reservoirs of 2 liter capacity filled with helium and 

nitrogen respectively. These gases were used in calibration 

of the system, and in the determination of adsorption and 

desorption isotherms. The manometer (C) was used in 

measuring the pressure variations in the burette. One leg 

of this manometer was always adjusted to a reference point 

(M) which corresponded to the zero point of the scale. The 

mercury height in manometer (C) was determined by the use 

of a cathetometer. The burette (B) consisted of a series 

of bulbs of various sizes connected by short lengths of 

capillary tubing. A reference mark was made on each cap

illary system. The temperature inside the bulb was held 

constant by means of a jacket in which water was circulated 

from a thermostatically controlled bath. A thermometer (L) 

was placed in the water jacket to record the temperature of 

the circulating water. The adsorption bulb {E) was a con

tainer, holding the sample studied. Various types of 

adsorption bulbs were used, depending upon the nature of 

the sample. Principal requirements are low free space and 

ease of construction. The low .temperature liquid container 

was a standard "Thermos" bottle of the Dewar type placed 

around the sample holder (E). 

A system for directly measuring P , the vapor pressure
0 

of liquid nitrogen, is shown in Plate Ilia. The bulb (N) 

was immersed in the liquid nitrogen bath next to the 

adsorption bulb. Direct readings could be obtained on 
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scale (T) after the nitrogen gas in container (R) was 

compressed slightly to provide a condensed phase. 

The outgassing of the samples was accomplished by 

means of a microcombustion furnace capable of operating 

at ranges from room temperature to 1000°C. 

The design characteristics of the experimental system 

allowed measurements which are accurate to 0.02 m2/gm. 

Considering an average value for the surface area of 

graphite& with various histories, the experimental data 

are accurate to about two per cent. 

The type of sample container used for exposing graphite 

to radiation flux and subsequently studying the change of 

surface characteristics is presented in Plate IIIb. ·'!'his 

same type of sample container has been modified for expo

sure to pile flux in an empty, water-cooled process tube 

or in a conventional cold test hole facility of the Hanford 

reactors. The graphite was enclosed in the vitreous quartz 

container which was, in turn, enclosed in an aluminum tube 

for protection ag~inst breakage during the charge and dis

charge of the sample in the pile exposure facility. It ia 

to be noted that graphite can be outgassed and charged in 

vacuo, or it can be charged in any designed gaseous atmos

phere~ This allows one to separate the change in surface 

characteristics brought about by radiation alone from those 

brought about by radiation and £ possible reaction with a 

gaseous atmosphere. 
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The general procedure of using the sample container 

will be discussed briefly. Samples were weighed and intro

duced in the container through the opening (A). A ground 

quartz joint was attached to (A) and this, in turn, to the 

female joint of the vacuum line. After desired studies of 

surface characteristics had been made, the sample was 

outgassed at a prescribed temperature and the quartz con

tainer was sealed off at joint (B). Following exposure to 

radiation, a male quartz ground joint was attached to joint 

(C). This point was connected to the vacuum line of the 

apparatus and the break-off seal (Q) cracked with the aid 

of a nail and a magnet. The surface characteristics may 

then be redetermined. 

Gases used throughout the ~xper1ments (co2 , N
2

, He) 

were purified by first passing them through a tube filled 

with copper turnings and heated to 450°0; then through a 

bubbler filled with concentrated sulfuric acid; and finally 

through a liquid nitrogen trap. Gases purified in this 

manner were found to be essentially free from all oxygen, 

hydrogen, water, or other impurities. The gaseous analysis 

was made by using a mass speotogr aph. 
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EXPERIMENTAL RESULTS 

SURFACE CHARACTERISTICS OF VIRGIN GRAPHITE 

Outgassing of the Graphite Samples 

Prior to determining the surface characteristics of a 

given sample, it was necessary to remove all, or nearly all, 

the adsorbed gases from its surface. This was easily 

accomplished by heating the sample in vacuo ftr a given 

length of time. 

The topic of complete outgassing of graphite samples 

has been treated in great detail in past and recent liter

ature. (23) Work done by G. R. Thomas reveals that complete 

outgassing of graphite may be accomplished only at tempera

tures near to 1000°0. There is strong experimental evidence 

given by Thomas, however, that moat of the adsorbed gas on 

the surface of the graphite at low temperatures is nitrogen 

which is easily removed by heating to 200°C. Oxygen, which 

ia adsorbed very strongly by graphite, can be removed only 

at high temperatures or 500 - 600°C or even higher. Oxygen 

is removed from the surface or the graphite in the form or 

co2 or co. 
In these experiments outgassing to 5oooo was found to 

be satisfactory. The surface characteristics of graphite, 

and particularly the surface area, change with the out

gassing temperature in the range of 25 to 300°0. This ia 

shown on Table 2 and Figure lo Beyond J00°C, however, the 
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changes found were very small. A range of 300 - 500°C 

outgassing temperature was used in most of the experiments. 

Temperatures as high as 1000°0 were used occasionally. In 

such cases, quartz glass was used for the sample containers. 

Table 2 

Effect of Outgassing Temperature on 
the Surface Area of Graphite 

Sample Outs,assing Temperature Surface Area 

I oc m2/gm 

102-207 WSF 100 0.67 

200 0.72 

300 0.11 

500 0.83 

1000 0.85 

1000 (second run) 0.85 

87...90 KC 100 0.30 

200 0.34 

300 0.41 

450 0.49 

500 0.50 

950 0.52 

1000 0.51 

It has been observed that the time of outgassing the 

sample before each adsorption run is rather important. For 

samples outgassed for three hours or more at room 
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temperature, the plot ot P/V (P
0 
-P) versus the relative 

pressure P/P
0 

(using the B.E.T. equation 2) usually gives 

a perfectly straight line. It the time of outgassing is 

not sufficiently prolonged, it has been found that the 

points on the graph (equation 2} corresponding to high 

relative pressures are in error, as evidenced by non

linearity of the plot. The time required for outgassing 

a given sample varies with the temperature used for the 

prooessJ higher temperatures require shorter times. 

Uniformity ot Surface Characteristics of 
Artificial Graphite Bars 

In dealing with the surface characteristics of graphite 

one must know first of all whether or not there is a uni

formity of the properties in question throughout the volume 

of a given bar as well as from one bar to another for a 

given type of graphite. This information is necessary to 

the interpretation of the exper~ental results obtained for 

the property in question. Investigations have been completed 

establishing the uniformity or surface charaoteristica 

throughout the volume of a given bar of graphite as well as 

for a number of bars of a given type of graphite. 

Eight samples taken in random from a WSF (Whiting Coke) 

bar h ve shown that the surface area and pore-aize distri

bution ia in agreement from sample to sample. In addition, 

samples from two more WSF type bars indicate that the surface 
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area and pore-size distrib,ution of the samples taken are 

in agreement with one another, within certain experimental 

limits. These results are given in Table ). The variation 

in surface area is within 5 per cent for all eight specimens 

investigated in one given bar. The variation in surface 

area from one bar to another in many cases ia found to be 

greater than 5 per cent; however, this is considered good 

uniformity. 

Other types of artificial graphite have shown stmilar 

agreement in surface area values if taken from the same 

bar, and relatively good agreement if taken from other 

bars of the same type. 
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Table J 

Uniformity of Surface Area in Graphite Bars 

Outgassins
Sample Surface Area Temperature~ 

# m2/gm oc 

102-221 WSP (Whit1nf 0.15 200 
Coke 

Coke) 

102-87 WSF 0.76 200 

102-2$$ WSF 0.72 200 

102-06 WSF 0.72 200 

102-·64 WSF 0.15 200 

102-207 WSF 0.72 200 

102-201 WSP 0.74 200 

102~1.36 WSF 0.73 200 

64•17 WSF 0•70 200 

64-206 WSP 0.73 200 

64..78 WSF 0.71 200 

87•90 KC (Kendall 0.49 450 

87·93 KC 0.48 450 

87...297 KC 0.50 500 

87-88 KC o.st 500 

87-139 KO 0.51 500 

53·71 KO 0.49 500 

53--32 KC o.47 500 

http:102~1.36
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In Table 3, the sample numbers indicate the number of 

the graphite bar from which a given sample was taken aa 

well as the position of the sample along the length of the 

bar. For example, #87-90 indicates that the sample was 

out from bar number 87, position 90 along the length of the 

bar. If the position number is above 200, the sample was 

out parallel to the extrusion axis of the bar. The samples 

used in all of the experiments, unless otherwise mentioned, 

were cylinders 4 inches long, 0.426 inches in diameter, and 

14-16 sm• in weight. 

Sqrface Area of Unirradiated Graphite 

The magnitude of surface area of unirradiated arti

ficial graphite lies between 0.25 and 1.00 m2/gm. This 

value depends greatly upon the temperature of outgassing 

and the type of graphite sample. Six types or artificial 

graphite have been investigated thus far with various 

outgassing temperatures, and the results are tab~lated in 

Table 4. Other surface area values are tabulated in 

Tables 2 and ). 



J6 
Table 1&. 

Surface Area ot Various Types of Artificial 
Virgin Graphite 

Sample !12!. Surface Area 
Outgassing
Temperature 

II m2/g;a oc 

67-93 KC (Kendall
Coke) 

0.40 200 · 

87-93 KC 0.49 500 

87-93 KC 0.52 1000 

96-139 CSF (Cleves
Coke) 

0.30 200 

L-6-1 TS (Texas Coke) o.63 200 

102-221 WSF (Whiting
Coke) 

0.15 200 

E-46-2-12 (Calcined Phenol-
Formaldehyde
Resin) 

0.37 300 

74-116 OS GBF (Cleves
Coke) 

0.34 550 

64-78 WSF 0.71 200 

Al1 the samples in Table 4 were cylinders 4 inches 

long and 0.426 inches in diameter. Several other samples 

have been investigated in powder f orm and it was found, as 

expected, that the surface area 1nereased with the degree 

of pulverization. Graphite in powder form, classified by 

passing through an 80 mesh screen, has an area about ten 

times greater than that of formed graphite. This increase 
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in surface area due to pulverization results trom the 

opening of pores in the graphite structure previously 

inaccessible. The weight of the pulverized sample used 

was usually between three and five grams. 

Pore-Size Distribution of Unirradiated Graphite 

Our experiments have shown that all types of graphite 

studied possess a pore structure smaller than 200 A0 1n 

radius which was termed the micropore structure. These 

micropores seem to be an intrinsic property of the artifi

cial graphite. Typical nitrogen desorption isotherm and 

pore-size distribution curves are shown in Figures 2 and J 
respectively. All typea of artificial graphite have a major 

pore-size distribution peak at 20 to 25 A0 pore radius. 

Other secondary distribution peaka are exhibited by the 

various types of artificial graphite; however, these 

secondary peaks were not as consistent in magnitude for 

various graphite& as the distribution peak found at 

20-35 A0 pore radius. 

It can be seen from the desorption isotherm on Figure 2 

that the hysteresis loop, which is generally associated with 

the presence of mieropore structure, takes place at relative 

saturation pressure values of 0.35 to o.6o. This holds true 

for all types of artificial pile graphite that have been 

investigated. 

The shapes of pore-size distribution curves do not 
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change appreciably with the size ot a given graphite sample. 

Even for powdered graphite samples the pore-size distribu• 

tion curves are virtually the same as those of powdered 

graphite cylinders. Figure 3 shows two pore-size distri

bution curves of a given sample before and after the 

graphite was pulverized. The difference in the intensity 

of the peaks in Figure 3 was attributed to the fact that 

more pore volume is available per unit weight after a given 

sample is pulverized. 

The reproducibility of the desorption isotherms as well 

as that or the pore-size distribution curves tor a given 

sample was satisfactory. 

The pore-size distribution curves presented in 

Figure 3 and subsequent pages later in this thesis were 

derived on the basis of corresponding nitrogen desorption 

isotherms obtained for these samples. The abscissa of the 

pore-size distribution curves represents pore radius ex

pressed in A0 (angstrom units). The ordinate, however, is 

not self-explanatory. The value ot AV is obtained from
AR 

another curve, the so-called "cumulative pore volume curve." 

For this curve, the radius, r, in angstrom units is plotted 

as an abscissa, and the volume in pores of radius equal to 

or larger than r is plotted as an ordinate. The quantity 
!J. V is the slope of this cumulative pore volume curve
AR 

for a given value of r. Thus represents an intensity 

factor of volume in pores equal to or larger than r, and 
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this value is expressed in (em3/g) For further 
< Ao ) • 

details, the original paper should be consulted. (1, 

PP• 378-379) 

Absolute Density of Unirradiated Graphite 

It is well known that the absolute density of artifi

cial graphite is much lower than the density of the 

crystallites obtained from x-ray measurements; 10·2.5 per 

cent of the volume in artificial graphite must be empty 

pore space. Absolute density measurements using helium 

gas displacement indicate that about 1.5 per cent or more 

of this empty pore space cannot be reached by any gas, 

unless the graphite is reduced to a very fine particle 

size, or part of the structure blocking empty pores is 

removed by oxidation. 

The artificial unirradiated graphite has a density of 

about 2.05 to 2.17 gm/cm3, depending on the type of graphite. 

These values were found for samples 4 inches in length and 

0.426 inches in diameter. Densities of crystallites ob

tained from x-ray measurements were 2.266 gm/cm3. The 

absolute densities for various graphite samples are shown 

in Table ,5. 



Table 5 

Absolute Density of Various Types ot Artificial Graphite 

Sam;ele Number and 'l'lee Absolute Dgnsiti 

# (gm/cm3) 

106-275 OSF 2.08 

111-95 CSF 2.11 

95-1.5 KC 2.17 

102-113 WSF 2.14 
L-27-2 'l'S 2.11 

NG (Natural Graphite Flakes) 2.25 

106-27.5 CSF (Pulverized, 200 Mesh) 2.21 

96~47 CSF (Oxidized to 1~) 2.18 

The density of pure flakes of natural Madagascar graphite 

was measured as 2.25 gm/cm3 with helium gas. This value 

amoUnts to 99.2 per cent of the value derived from x-ray 

crystallographic data which is (l4) 2.266 gm/cm3. In 

contrast to this, the densities of non-oxidized, powdered 

specimens of the artificial graphite were always lower 

than 2.21 gm/om3. The densities of powdered samples showed 

a tendency to increase as the particle size of the dust 

decreased. 

All measured density values found for artificial 

graphite were 2 to 8.5 per cent lower than the experi

mentally determined value of natural graphite. The low 



observed densities therefore suggest the presence of 

inaccessible pore sp ce in the microstructure of artificial 

graphite, formed either by the disordered stacking of the 

graphite crystallites or by intercrystalline linkages or 

non-graphite carbon originated during its manufacture. 

SUllFACE CHARACTERISTICS OF IRRADIATED GRAPHITE 

Efteots ot Radiation on the Surface Area of Graphite 

The change of surface area with irradiation has been 

determined tor various samples of graphites. It was found 

that in general the surface area of graphite decreases upon 

exposure to radiation at low temperatures. 

For this experiment, a large number or graphite samples 

waa exposed to radiation under different flux and atmo phere 

conditions but at low temperatures. The samples were all 

outgassed for three hours before exposure in the pile. The 

samples exposed in various atmospheres were enclosed in 

quartz containers in a manner described in detail in a 

previous section of this paper. The surface areas of 

several samples before and after irradiation is presented 

in Table 6. 



Table 6 

Effect o~ Radiation on the Surface Area of Graphite 

A. Test Hole Irradiation at 50°C 

Before Irradiation After Irradiation 

Outgassing Sur~ace Annealing* Surface 
Sample and 'lZEe Exposure 1'em,2erature Area Temperature Area 

(#) (nvt x 1019) (OC) (m2/gm) ( OC) (m2jgm) 

87-90 KC 14.4-7 1000 0.52 0.~7'50(Cylindrical 50 o.49 
Form, exposed 550 o.ij.9
in Vacuum) 

102-221 WSF 14-4-7 1000 4--04 J.50 
(Powder, exposed ~00 ).8l
in Vacuum) 50 3-9 

*Two hours at each temperature 

~ 



Table 6 ( contd.) 

B. PJ;'ocess Tube. Water Cooled Irradiation at 20°C 

Before Irradiation After Irradiation 

Sample and Type 

(#) 

90-85 CSF 
(Powder, exposed 
in Vacuum) 

80-104 Lamp Black 
(Powder. exposed 
in Vacuum) 

87-92 KC 
(Powder, exposed 
in o2 ) 

E9osure 

(nvt x 1019) 

8.21 

8.21 

8.21 

*Two hours at each temperature 

Outgassing
Temperature 

(oc > 

1000 

1000 

900 

Surface 
·Area 

6.01 

Annealing*
Temperature 

<oc) 

75 
ii~ 
300 
.500 
550 

1bg 
300 
520 
660 
15 

65 
125 
350 
550 
bJO 
650 
720 

Surface 
Area 

(m2/gm) 

5.35 
5.10 
5.18 
5.51 
6.02 
6.o6 

11.97 
12.67 
1),08
1).62
13.62 
1).62 

).56 
~.66 
4:~ 
~.•b9 

fr:~fr 



Table 6 (contd.) 

B. Process Tube 1 Water Cooled Irradiation at 20°C 

Before Irradiation After Irradiation 

Outgassing Surface Annealing* Surface 
S&m.J2le and Type Ex:eosure Tem;eerature Area Tem:eerature Area 

(#) (nvt x lol9) <oc > (m2/gm) (oc > (m2/gm) 

87-88 KC 8.21 950 o.6o 85 0.42 
(Cylindrical 150 o. !.i-3 
Form Exposed l,oo o.frl 
in CO) 50 o. 

450 o.4J.i. 
64-22 WSF 3.20 1000 0.95 400 0~66 
(Cut into three .510 0.67 
cylindrical pieces, 550 0.67 
exposed in C02 ) 

64-78 WSF 8.24 6oo 0.95 280 0.82 
(Cut into two 450 0.65 
cylindrical pieces, 500 0.85 
exposed in co2 ) 

64-13 WSF 3.20 450 7.04 250 5.66 
(Powder, exposed 400 6.16 
in Vacuum) 450 6.1A

550 6.1 

OTwo hours at each temperature 
-&: 
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It was observed from the data in Table 6 that the 

surface area of all samples has decreased during irradia

tion regardless of the surrounding atmosphere in which 

they were exposed. One also observes that the area of 

the irradiated samples increases with increasing annealing 

temperature, but never reaches the surface area value ot 

the sample recorded before irradiation. Furthermore, the 

samples which initially have large surface area have shown 

the greatest decrease as compared to their corresponding 

virgin values. 

The graphite surface area decrease, due to irradiation 

in a high fl~ radiation environment, depends on the total 

amount ot integrated radiation flux received by the sample. 

If one plots the total exposure, versus change in surface 

area tor a number of graphite samples, a linear curve is 

obtained as in Figure 4. 
In experimenting with graphite samples irradiated at 

low temperatures, it was found that a comparatively long 

time was required for the gas-solid equilibrium to be 

obtained during the determination of adsorption isotherms. 

The time elapsed for the establishment of gas-aolid 

equilibrium was approximately twenty minutes, which is 

three to four times longer than the time ordinarily necea

sary for virgin graphite-gas equilibria. This was true 

tor helium and nitrogen as well as the other gases used, 

and it was observed mostly during the process ot free 
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space determination as well as during the course of 

adsorption isotherms to a lesser extent. 

Effects of Radiation on the Pore-Size 
Distribution in Graphite 

Several experimental runs with various virgin and 

irradiated graphite samples reveal some iMportant changes 

of their pore-size distribution caused by radiation. In 

general, samples having a large surface area were affected 

relatively more by pile irradiation than were those having 

small surface area. 

Typical nitrogen gas desorption isotherms of graphite 

before and after irradiation are presented in Figures S 
and 6 for convenient comparison. 

The pore-size distribution curves derived from these 

isotherms and illustrated in Figures 7 and 8 clearly 

indicate the effect of radiation damage on the pore size 

of a given graphite sample. In Figures 7 and 8 a general 

"shrinkage" or decrease in porosity is observed for all 

si~es of pore radii. ~is phenomena is typical of all 

samples studied. The irradiation tor the samples investi• 

gated took place in a water cooled process tube (annulue 

tube) in a Banford pile with an average temperature of 

about 20°C. The samples, both in formed as well as 

powdered state, were enclosed in quartz tubes, outgassed 

to 66o°C and evacuated to 10-6 mm Hg tor several hours 



50 

1.0 

E 
tlO 

........ 
() 

~ e.o 
tl....... 
.c 
ll. 

... "' tiO 
.... 
0 

E 
... s.o "' tiO 

... 
tl 
ll. 
'tl 
u 
.0 ... 
.,0 

'tl 

4.0 "'s:: 
tiO " 0 ... ....... z 

.... 
0 

tl 

e 
:3..... 3.0 
0 
> 

0.2 

0 VIRGIN 
8 IRRADIATED, EXPOSURE 8. 19 

SAMPLE I81-9Z 

lo19x nvt 

0.3 0.4 o.e o.e 0.1 o.a 
Relative Pressure P/Po 

FIGURE 5 

DESORPTION ISOTHERMS FOR A TYPICAL KC GRAPHITE, 
POWDERED SAMPLE, IRRADIATED IN OXYGEN AT 

"J Z0° c 



51 

25 .OOt-----t-· -R ·-~~~·~ ~~F-f~:.~-t-
SAMPLE * L- 19-lTS I 

0 VIRGIN 1? 
Q IRRADIATED, E XPOSURE 8 . 19 x 10 nvt. 

Q 

~ 2 0.00+---H-__ J_J----+----+---t-----,Qf-----1 
~ I I i
! I ! 

il 

I 

= I I iIo ' 

! 1 5.oo!----l- ----- j, ___ l_____ _J___+---+----w----t 
I !I 

I I I 

I 

....1.. 
! , 
I 0 

: "'o~'\l i,, ~ ! 
- .. --- t- - - - ·- - t t ---<'i-~11--+----+--~I 0 .0 

I io~e l.... 
0 

; ~ee !'II 

E 
:l ...... ,.. ! 
0 

> 
1· o'/ !: I 

11&.--q--'·-~-~.. -~ ----1--jl-----jl-t--i_-· -
0 . 2 0 .3 v . 4 0 .5 0 .6 0 .7 0 .8 0 .9 1.0 

Relative Pressure P/Po 

FIGURE 6 

DESORPTION ISOTHERMS FOR A TYPICAL TS GRAPHITE, 
POWDERED SAMPLE, IRRADIATED IN VACUUM 

AT -v20° C. 



52 

I. I 

1.0 

9 .0 

8 .0 

~~~ 5 .0 

4.0 

5.0 

2.0 

1.0 

0.0 
10 

-

v 

SAMPLE f87-9Z 

~ 
0 BEFORE IRRADIATION. 
~ AFTER IRRADIATION. r EXPOSURE 8. 19 x Io 19nvt 

lo 
oi 
Q 

0 

& 
1 

o I 

k b 
4& 
~~' ~~~'

-'-..o
--e'~-"" 

50 50 70 eo 110 150 

d 
. 0

Pore Ra 1us r A 
p 

FIGURE 7 

150 

PORE SIZE DISTRIBUTION CURVES FOR A TYPICAL KC GRAPHITE 
SAMPLE IRRADIATED IN OXYGEN AT -Z0°C . 



53 .. -·r-- --
18.00+--- _---llt-___ ___ ~~1-~~--~-~J_--- --- ~--

. - -- ·-
' I I I 
1 SAMPLE fiL - 19 -ZTS 

0 BEFORE IRRADIATION 
--- T g /\F TER IRRADIATIO:l 

j E X POSURE. 8 . 19 x 10 9nvt 
I I II 

I 
' I

', 

1o .oo+--------41>++- --~---! --------; ------- -t
, ; I 

j~---~~----~~ I 
e.oo+--~1- =f=- --+- -----+ -------+

1 I I
I I I ' I! I ! ___ LI _ I~< •.50+---+li~H---~---~----,

..~ I I I 
0 4.00 -- '-------- ----+- o i ! I

I L_l_l g 
5 .5 I 0 . I I-+ 

1 

-l__ _j __ +---,5.00 
I 

~ ~: 1 

I 
iI ' I ' 

2.50 I --~-- ---t-----!----l
o : I 

2 .00 - ---~--_L-u 
i ~"b I t 
: "- ' 'o L ---+

UI0•-+-----+- ~~U~i~ 
g~,_o-

,Q,.....Q-1~~ "--() 
1.00 1 

20 40 6 0 eo 10 0 12 0 140 

Pore Radius r A
0 

p 

FIGURE 8 

PORE DISTRIBUTION CUR YES FOR A TYPICAL TS GRAPHITE 
SAM P LE IRRADIATED IN A VACUUM ATV"'20° C. 



54 
before sealing. Several of the quartz containers in 

addition to graphite samples were filled with various 

gases after evacuation. Samples exposed in vacuum, oxygen, 

carbon dioxide and carbon monoxide have been studied. As 

it was observed from the curves in Figures 8 and 9, there 

is no great difference of irradiation effects between the 

two samples exposed in oxygen and vacuum respectively. 

Similarly, samples exposed in co2 and CO atmosphere have 

shown no particular difference on the pore-size distri

bution compared with the irradiation effects for the 

samples exposed in vacuum or oxygen. (22, p. 18) 

The quartz containers of most of the samples were 

found in good condition after exposure to radiation. A 

good number of quartz containers, however, were found to 

have developed small leaks during the exposure in the pile. 

All containers were leak-tested with a mercury manometer 

before and after the break-off seal was opened. 

Effects of Radiation on the 
Absolute Density of Graphite 

Laboratory studies have indicated that the density 

{absolute) of all types of artificial graphite, as deter

mined by helium displacement, decreases with irradiation. 

The decrease of density depends on the length or exposure 

to radiation as well as the temperature at which the sample 

in question was maintained during irradiation. It the 
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irradiation ia carried out at low temperatures (ca 50°0), 

the surrounding atmosphere has no effect on density. If, 

however, the temperature is high and the surrounding atmos

phere is capable of oxidizing the graphite sample, then 

the density increases as a result of oxidation. In other 

words, the effect of oxidation on the density at high 

temperatures is greater than that induced by irradiation 

alone. 

Densities of e. few samples irradiated at low temper

atures have been determined. The data are presented in 

Table 7. 

Table 1 

Effect of Low Temperature Irradiation 
on the Density of Artificial Graphite

Density ( p} 

Sample 
Type of 
Graphite 

Total 
Exposure 

Before 
Irradiation 

After 
Irradiation 

(#) nvt x 1020 (gm/cm3) (gm/cm3) 

106-28 CSF 2.07 1.81 
111-95 CSF 2.11 2.07 
107-251 CSF 2.15 2.09 

All samples in Table 1 were exposed to temperatures 

~ot axeeeding 50°C. They were 4 inches in length and 

0.426 inches in diameter. 

One may safely conclude from th~ data on Table 1 that 

the density decrease or artificial graphite due to irradi

ation depends on the total flux exposure. This phenomenon 

of decrease in density due to irradiation at low 
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temperatures is concurrent with the decrease of surface 

area under the same set of conditions. Similarly, the 

"shrinkage" in pore-size distribution is also concurrent 

with the surface area and density decrease due to low 

temperature irradiation. 

Temperature Annealing Effect on the Surface Area 
and Pore-Size Distribution of Irradiated Graphite 

The eurface area or artificial graphite decreases with 

low temperature irradiation. It is, however, ot importance 

to note in Table 6 that the surface area having been re

duced by irradiation will increase on thermal annealing 

treatment. In addition, one observes that, although the 

area increases with increasing annealing temperature, it 

approaches almost asymptotically the value measured for 

that sample before irradiation. It was first thought that 

this area variation was just a normal increase with in

creasing outgassing temperature, as in the · case of virgin 

samples. (See Figure 1) This has been proven not to be 

the case. The samples in Table 6 were all outgassed at 

relatively high temperatures and enclosed in vacuum before 

irradiation, then opened in vacuum after their exposure. 

The outgassing temperatures before irradiation are quite 

high, beyond which further surface area increase is quite 

small. The vacuum was maintained during pile exposure. 

In view of this fact, it was concluded that the surface 
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area increase of the irradiated graphite sample was due to 

temperature annealing. The temperature annealing effect 

is illustrated in Figure 9· 

The absolute density of graphite, having been decreased 

upon irradiation, increases upon heating in a laboratory 

oven. Similarly, the "shrinkage" of pore-size distribution 

curves occurring upon irradiation of a given graphite 

sample disappears upon heat treatment. This is shown in 

Figure 10. 

Heat of Adsorption of Artificial Graphite 

The heat of adsorption of nitrogen gas on graphite was 

determined isosterically, and the results were calculated 

in a manner described in the experimental section of this 

thesis. 

In order to use the Clausius-Clapeyron equation, one 

must have two nitrogen gas adsorption osotherm obtained 

at two different temperatures. The adsorption isotherms 

at -183 and ·195°0 were made by using a liquid oxygen and 

a liquid nitrogen bath, respectively. 

Figure 11 shows a typical logarithmic plot of graphite

nitrogen gas isotherms obtained at the two different temper

atures• The horizontal distance between the two curves was 

measured at a given value or V (volume adsorbed) and in• 

serted in equation (14); ~H for various values or V was 

then calculated. 
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In Figures 12 and 13, .6. H (differential heat of 

adsorption) is plotted against V/Vm or e • which repre• 

sents the fraction of surface covered by the gas molecules. 

It was observed from these curves that, in general, the 

heat of adsorption of artificial graphite decreases with 

increased radiation exposure. 

In Figures 12 and 13, the range of surface fraction 

covered was not similar for all the samples presented. 

This is due to the physical dimensions of the apparatus. 

For all purposes, however, a qualitative comparison can 

be made for the "average heat of adsorption" for two 

different samples at the 9 = V/Vm values obtained. 

It is possible to calculate heats of adsorption by 

using the constant "c" of the Brunauer-Emmett and Teller 

equation. {See equations 1 and 2 in this thesis) The 

constant "c" is proportional to exponential (E1-EL)/RT. 

E1 is defined as the "average heat of adsorption" for the 

first layer and EL the heat of liquefaction of the adsorb

ate. The validity of the results calculated by using this 

constant "c" has been disputed from time to time in the 

literature. (12, P• 2353) In our experiments, values of 

heat of adsorption calculated by using constant "c" were 

found to be in relatively good agreement with values 

calculated by using the Clausius-Clapeyron equation. 

The results for one sample are tabulated on Table 8 

tor convenient comparison. 
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Table 8 

Heat of Adsorption Values Calculated by Using
(a) the Clausius-Clapeyron Equation,

(b) the Constant "c" in the B.E.T. Equation 

Values of Virgin Graehite Samele 

Surface Outgassing Values (a) ~H (Clausius- (b) LlHE 
Area · Tem:eera ture of "c" Cla:een:on 1 

m2/gm oc cal/mole cal/mole 

4•09 1000 198.86 2400 2200 

Values ot: l£&!!diajed Grgl;!hite Sam:;l.! ~3.Zl 3 lQ20 nvtl 

).85 60* 62.71 1600 1972 
).8z ~0* 71.26 1670 1992 
3.9 50* 79.23 1700 2009 

* Annealing temperaturo after irradiation 

Values for other graphite samples show a similar re

lationship as that indicated on Table 8. 

The differential heat of adsorption graphs show that 

a small quantity of nitrogen gas is adsorbed with high 

heat, but that ~H falls rapidly and then approaches a 

constant value asymetrically for higher surface coverage. 

This was attributed to the fact that the high values for 

heat of adsorption were due to the adsorption of gas 

molecules in cracks and crevices, whereas the lower values 

are the result of adsorption on plane surfaces. Because 

the majority of small pores of the irradiated graphite have 

been blocked by the crystallite expansion, their heat of 

adsorption values are lower at a given V/Vm region. In 



65 
Figure 13, the virgin sample at V/Vm • 0.9 possesses a 

number of small pores which are still to be filled, and 

therefore its heat of adsorption values are high compared 

with those of the irradiated sample in the same V/Vm 

region~ 
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DISCUSSION OF EXPERIMENTAL RESULTS 

Variation of Pore-Size Distribution, Surface Area, 
and Density of Graphite Due to Radiation 

For all types of artificial graphite investigated, the 

surface area decreased with low temperature irradiation. 

This was true tor samples irradiated in vacuum as well as 

for those irradiated in various atmospheres. 

Density measurements, using the helium gas displace

ment method, indicate that the absolute density or artifi

cial graphite decreases upon irradiation. 

Investigation of pore·size distribution curves for 

low temperature irradiated samples shows a general 

"shrinkage" or decrease in porosity for all sizes of pore 

radii. 

If samples which were irradiated at low temperatures 

afterwards were heated at relatively high temperatures in 

the laboratory, the surface area increased very gradually 

and slowly approached the area value found before irradi

ation for each respective sample. This annealing effect 

is shown in Figure 9. 

The decrease in surface area, density and general 

lowering of intensity for pore-size distribution peaks of 

irradiated graphite, can be attributed to physical expan

sion of the individual crystallites. These individual 

crystallites expand due to radiation flux, and in doing so 
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occupy the microscopic void spaces that are available in 

their immediate vicinity. This causes a decrease in 

porosity. Many pores, however, are known to be very small 

in size; or they may be large but have small "bottle-neck" 

openings. (2, pp. 309-319) and (3, P• 63) These small 

pores are partially or completely blocked due to graphite 

crystalline expansion, thus causing a decrease in available 

surface area and density. 

The subject of graphite crystalline expansion has been 

treated in great detail at Hanford and elsewhere. 

( 17, 18, 26, 27 ) 

Neutron irradiated graphite was studied experimentally 

by observing changes in the position and shape of the 002 

x-ray diffraction peak. X-ray diffraction studies can be 

interpreted in terms of 0
0 

spacing. Values of about 

6.70 A0 are generally obtained for virgin samples, whereas 

a sample exposed to radiation has C0 spacing values ranging 

between 6.70 to 7.30 A0 , depending on the amount of radia

tion received by the sample and also upon the temperature 

of exposure. spacing values are distances between two00 

alternate planes in a graphite crystal. 

The theory most prevalent in explaining graphite 

crystalline expansion is that developed by B. E. Warren. 

(27, PP• 1-33) He proposed that the crystalline expansion 

is caused by interstitial atoms or groups of atoms tending 

to position themselves between graphite layers with some 
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degree of regularity so as to avoid being close neighbors 

of one another . These atoms or groups of atoms have moved 

between the layers due to neutron bombardment . Graphite 

atoms acquire a certain amount of energy from an incoming 

neutron, vibrating vigorously until they break their bonds 

from the regular graphite hexagons . Finally these highly 

energized at·oms position themselves between a given layer, 

thus causing crystalline expansion . Crystalline expansion 

in turn causes physical length expansion irr graphite . 

Measurements of the physical · expansion of formed 

graphite due to low temperature irradiation show a 0 . 20 

to 0 . 60 per cent increase, at the most, depending on the 

length of the exposure . (17, p . 16) The range of the 

radiation exposures studied was up to about 7. 53 x 1020 nvt 

total . The same samples, however , show a fifteen per cent 

increase in crystalline expansion as determined by x- ray 

measurements . The diff erence in crystalline expansion has 

been obviously absorbed into the void , or mioropore struc

ture of graphite . This fact substantiates the theory that 

the pore size "shrinkage," found for low temperature 

irradiated graphites, was due to the crystalline expansion 

into these voids and pores . 

The graphite crystalline expansion induced by irrad

iation can be annealed by heating the irradiated samples 

at relatively high temperatures in a laboratory furnace. 

The temperature and length of time required for complete 
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annealing depend largely upon the amount of radiation 

received by the sample. Similarly, the surface area of 

irradiated samples, having been decreased by irradiation, 

can be increased by heating in an oven in the laboratory. 

The surface area increases with increasing annealing tem

perature approaching the value measured for that sample 

before irradiation. This effect is shown in Figure 9. 

The contraction of the graphite eryst•llites due to 

temperature annealing was concurrent with the increase in 

surface area. This phenomenon again suggests that the 

surface area decrease upon irradiation was due to 

crystalline expansion into the pores and voids present 

in artificial graphite. 

The temperature annealing process has a similar effect 

upon the density of graphite. The density of a sample 

having been decreased by irradiation increases upon heating 

in an oven. 

As it is shown in Figure 10, the "shrinkage" in the 

pore distribution caused by irradiation disappeared upon 

heating of a sample to a temperature higher than the tem

perature of its exposure. In this ease, again, a contrac

tion of the expanded crystallites has taken place, thus 

causing an increase in the porosity of graphite. 

It was pointed out earlier in this report that the 

time lapse for the establishment of gas-solid equilibrium 

during the adsorption isotherms for irradiated graphite was 
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approximately three to four times longer than the time 

ordinarily necessary for the virgin graphite-gas 

equilibria . This phenomenon further substantiates the 

hypothesis that radiation causes expansion of the graphite 

crystallites . The entrance of a large number of pores is 

partially blocked by the crystalline expansion; as a 

result , the molecules of a given gas will have. difficulty 

in entering these pores . The gases in this case will have 

to diffuse slowly into these partially blocked pores . 

The slow equilibrium phenomenon has not been observed 

after an irradiated sample is subjected to temperature 

annealing . 

The Effect of Radiation on the Heat of 
Adsorption of Graphite 

It is well known from thermodynamics that all adsorp

tion phenomena (physical or chemical) are spontaneous and 

result in a decrease of the free energy of the system. 

The molecules of an incoming gas are either held rigidly 

to the surface, or they can move over the surface freely 

in two dimensions . Since, prior to adsorption, the gas 

molecules moved freely in three dimensions, the adsorption 

process is accompanied py a decrease in entropy. The 

change in the heat content of the system is 

~H : AF + T ~ S (14, P • · 162) (16) 
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Because both fl. F and fl. S are negative, l:l.H must also 

be negative. This means that all adsorption processes are 

exothermic, and direct or indirect experimental measure

ments have proved this to be correct. The heat of adsorp

tion, then, is a measurement of the decrease in heat 

content of the system. 

Figures 12 and 13 show that in general the heat of 

adsorption decreases upon irradiation. This is the 

opposite from what would be expected . The damaged graphite 

crystallites with the dislocated atoms should have a larger 

energy content than the undamaged ones and, consequently, 

the highly irradiated samples should have larger heats of 

adsorption. But heat of adsorption of a given solid 

depends mainly on the homogeneity of the surface of the 

adsorbent . It is to be remembered that there is a 

"shrinkage" taking place in the microstructure of the 

graphite upon irradiation. This "shrinkage", as we have 
,I' 
\ 

seen, was greater the larger the amount of the radiation 

received by the sample . As a result of "shrinkage" in the 

porosity of graphite, many pores that were accessible to 

incoming gases before irradiation are blocked off by the 

expanded crystallites. Crystallite expansion will also 

cause closure of the openings to the "bottle-neck" type 

pores. Active sites produced by irradiation in pores now 

closed cannot be reached by the nitrogen gas molecules for 

adsorption. In other words, the homogeneity of the 
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surface has changed upon irradiation. 

Even though the heat of adsorption of a molecule is 

about the same on all plane surfaces, it makes a great 

difference whether the molecule is attracted by two surface 

active sites or by one. In other words, the heat of 

adsor ption in narrow cracks, crevices, or pores differs 

strongly from that on the plane surface of the adsorbent. 

If a molecule is adsorbed in a pore or crack so narrow 

that it touches two parallel walls, the heat of adsorption 

is about twice as large as on a plane surface. Since many 

cracks of graphite become unavailable to incoming gas 

after irradiation, it was quite logical to conclude that 

the general decrease of heat of adsorption upon irradiation 

was due to change in the porous structure of a given 

sample. 

The pile irradiation should increase the surface 

energies of the sites on the graphite surface as well as 

the number of active sites to a certain extent regardless 

of where they are located. Active sites in closed pores 

after irradiation cannot be reached by the nitrogen mole

cules, and their thermodynamic properties cannot be de

tected by the adsorption process. Because the heat of 

adsorption of graphite was found to decrease upon irradia

tion, it w~s concluded that the influence of pore 

"shrinkage" upon this param~ter was much greater than the 

activation ot various sites by irradiation. 
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Considering the equilibrium: Nitrogen (adsorbed) 

~ Nitrogen {gas), it was possible to calculate from 

the data obtained from the adsorption isotherms the change 

in heat content of the system ~ ~~ the free energy change 

~F, and the entropy change ~ s . ~~was the difference 

between the differential heat of adsorption and the heat 

of liquefaction of nitrogen in calories per mole. ~ F is 

given by 

~F : RTln P/P (17)
0 

The entropy change was calculated using the relation 

T A S : ~~ - ~ F ( 18) 

Figure 14 shows how these properties vary with V/Vm 

for an irradiated sample . ~ S values for the virgin 

sample were drawn in the same graph for comparison. For 
I 
·: 

both samples the ~ S changes were fo.itnd to be negative 
l 

and then change to positive values at · a given V/Vm value . 

Negative ~S values result from the subtraction of heat 

of vaporization of nitrogen from the heat of adsorption 

values . The V /Vm value where the ~ S becomes zero was 

termed "transition barrier." This ''transition barrier" 

is different for the virgin and irradiated samples in 

Figure 14. The negative portion of the ~ S curves can 

be interpreted as an indication of an orderly adsorption 

process. At low surface coverage there are enough avail

able active sites where the incoming gas molecules can be 

adsorbed . When the monomolecular layer on the solid 
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surface is almost complete, the adsorption process may be 

somewhat disordered because the number of available sites 

has decreased. Increased interaction bet~een adsorbed 

molecules is also expected near V/Vm • 1. The fact that 

the "transition barriers" for virgin irradiated graphite 

are different shows a difference in the energy distribution 

on their respective surfaces . 

The foregoing statement regarding the ~S curves in 

Figure 14 implies that the "transition barrier" is the 

beginning ot the formation of other molecular layers on 

the solid surface other than the first . Because this 

''transition barrier" occurs before V/Vm = 1, it was 

concluded that molecular layers other than the first were 

formed before the first monomolecular layer was completed. 

This tendency is more pronounced for the irradiated 

graphite than tor the virgin sample . The latter tact 

implies that the adsorption of gas molecules on the surface 

of the irradiated sample takes place in a more disordered 

way than the adsorption on a virgin sample . 
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CONCLUSIONS 

The following points may be concluded from the 

experimental work completed: 

1. The magnitude of surface area of virgin artificial 

graphite lies between 0.25 and 1.00 m2/gm. This value 

depends on the temperature of outgassing as well as the 

type of graphite. The surface area increased when graphite 

was pulverized. Graphite pulverized and classified through 

an 80 mesh screen was found to have an area value of about 

ten times as large as that found before pulverization. 

2. The surface area of artificial graphite was found 

to be uniform throughout the volume of a given bar. The 

uniformity in surface area magnitude also exists, to a 

lesser degree, among different bars of the same type of 

artificial graphite. 

3. All types of artificial graphite investigated were 

found to be porous, They poasess structure consisting of 

a large number of pores smaller than 200 A0 in radius which 

was termed the mioropore structure. The micropore struc

ture seems to be an intrinsic property of the artificial 

graphite. All types of graphite have a large portion of 

their microstructure in the 20-25 A0 pore radius region. 

4. The density of artificial graphite measured by 

the helium displacement method was found to be much lower 

than the density of the crystallites obtained by x-ray 
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measurements. Density values lie between 2.05 and 2.17 

gm/cm3 depending on the type of graphite. X-ray crystal

line density is 2.266 gm/cm3; 10-25 per cent of the volume 

must be empty pore space, not accessible to measurements 

by using the helium gas displacement method. This inac

cessible volume can be made available to incoming gases 

either by subdivision, or by oxidation of a given graphite 

specimen. 

5. The surface area and density of graphite decrease 

upon irradiation, the decrease depending greatly on the 

total amount of radiation received by the sample as well 

as the temperature during irradiation. Nitrogen desorption 

isotherms indicate that a "shrinkage" takes place in the 

pore structure of graphite upon irradiation. 

The effect of radiation on the surface characteristics 

of graphite was postulated to be largely due to the graph

ite crystallite expansion. Experiments on density and pore 

distribution of irradiated samples demonstrate the effect 

ot crystalline expansion into the empty pores of graphite. 

Crystalline expansion has been studied in great detail by 

means of x-ray studies elsewhere. (17, 18, 26, 27) The 

x-ray diffraction measurements indicate that irradiation 

is capable of causing as much as fifteen per cent 

crystalline expansion. Physical length studies on formed 

graphite, however, indicate that graphite expands only 

about six-tenths of a per cent at the moat for exposures 
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up to 7.53 x 1020 nvt total. The remainder of the 

crystallite expansion was taken up by the pores and voids 

within the graphite structure. Many pores have "bottle

necks" like openings and the crystalline expansion causes 

complete blockage of these pores. The facts mentioned 

above have been demonstrated experimentally by the study 

of pore-size distribution of irradiated samples. 

6. The surface area and density of artificial graphite 

having been decreased by irradiation were increased on 

thermal annealing treatment. Furthermore, the "shrinkage" 

ot pore-size distribution curvea occurring upon irradiation 

of a given graphite sample disappears upon heat treatment. 

The temperature annealing effects on surface characteris

tics concur with graphite crystalline contraction as 

observed by x-ray diffraction measurements. Crystallite 

expansion upon irradiation and contraction due to thermal 

annealing has been studied at Hanford and elsewhere. 

(17, 18, 26, 27) 

7. Heat of adsorption measurements on virgin and 

irradiated graphite have been carried out. The ososteric 

method was used. Nitrogen gas waa used on the adsorbate, 

liquid oxygen (-183° C) and liquid nitrogen (-195° C) were 

used for the low temperature baths. The differential heats 

of adsorption for irradiated samples, calculated using the 

Clausius-Clapeyron equation, were found to be smaller than 

those of virgin samples. It was explained that the 
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decrease of the heat or adsorption upon irradiation is due 

to the "shrinkage" in the porosity ot artificial graphites. 

Changes in heat content, free energy and entropy were 

calculated tor irradiated and virgin graphite. 

8. The experimental techniques and methods used in 

this study have been successful. It is significant to note 

that the apparatus used tor the measurements or surface 

area, density, pore-size distribution and heat or adsorp

tion is the same one. No significant changes in the 

physical characteristics of the apparatus were necessary 

for measuring the heat of adsorption. 

The majority of the quartz containers used tor sample 

exposure into radiation flux were found in excellent 

condition after irradiation. A number of them, however, 

developed microscopic leaks during the process ot irradia

tion. The radioactivity level of graphite samples after 

exposure never exceeded ~ ot a roentgen at a distance 

of 2 em from the surface. When the samples were enclosed 

in glass containers, the radioactivity level was reduced 

to -·1---- ot a roentgen. There was no particular250 
difficulty, therefore, in handling the irradiated samples. 
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APPENDIX

The abbreviations used in this report to represent

graphite, as to coke and pitch types, and to designate gas

baking and purification by the "F" process are as follows:

KC Kendall coke and Chicago pitch,

CSF Cleves coke, standard pitch, purified
by the MFn process.

CSGBF Cleves coke, standard pitch, gas baked,
purified by the nFn process,

TS Texas coke, standard pitch.

TSGBF Texas coke, standard pitch, gas baked,
purified by the MFn process.

WSF Whiting coke, standard pitch, purified
by the MF" process.

The nFn process consists of purification of graphite

bars by using a special gaseous atmosphere.

Other symbols used on this report are:

nvt number of neutrons per square centimeter
per second.

°C degrees centigrade.
o fl

A Angstrom unit, 10 cm.

v/v« s surface covered.
m

Vm volume required for a gas layer one
molecule in thickness,

AS entropy change.

AH differential heat of adsorption in calories
per mole.

AH, heat content change.
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AF free energy change.

S initial surface area,

m /gm square meters per gram.

P/PQ partial pressure (gases).

(T surface tension.

R gas constant cal/degree/mole.

p absolute density grns/cm^ (as determined
by the helium gas displacement method).

Geometrical density - determined by the
weight of a given sample and the
geometrical volume of graphite.

A" area/N^ Nr 8 number of moles of the
gaseous components.




