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PORE SHAPE~ SIZE, GROWTH, ACTIVATION ENERGY, AND THE KINETICS 
OF STRUCTURAL CHANGES I N GLASS-LIKE CARBONS 

LEO G. HENRY 

DOCTOR OF PHILOSOPHY 
IN 

MATERIALS SCIENCE AND ENGINEERING 

MATERIALS AND MOLECULAR RESEARCH DIVISION 
LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CA 94720 

ABSTRACT 

The pore size, shape, structure and coarsening in glass like car-

bon (GLC) samples heat-treated at temperatures (HTT) in the range 1000 

to 2800°C and for heat-treatment times (HTt) up to 156 hours, have 

been investigated using small angle x-ray scattering (SAXS) and Wide 

Range x-ray Di.tfraction (WRXD), Wide Range Neutron diffraction (WRND) 

and total neutron scattering techniques. 

Small angJe x~ray scattering studies indicate that the pore size 

increases with both increasing heat-treatment temperature (HTT) and 

time (HTt) at and above 2000°C. Below 2000°C however, the changes are 

due only to temp~rature. The non-linetic changes in the pore size 

represented by the radius of gyration, parameter R , range from 9.0 
9 

to 23.7A. The kinetic changes above 2000°C are analyzed ~sing the 

theory of b~1k diffusion controlled growth of precipitates modified 

for application to pore growth in GLe. The results show the expected 

t
I/3 dependence of R. The average Rg increases with HTT with 

9 
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an aftivation energy of 76 ± 4Kal/mole, and confirms the hypothesis 

that vacancy migration is the mechanism governing the coarsening of 

the pore structure. The SAXS scattering data also indicated that the 

pores can be modeled as oblate ellipsoids, and that the axial ratio, 

v(=b/a) only ranged from 0.30-0.25, that is, there is virtually no 

change in pore shape in the temperature range studied (1000-26000e). 

The WRXD and WRND results showed that in the range 1200 to ISSoe 

HTT, d002 remained unchanged at 0.37 ± 0.003nm for heat treatment 

ttmes up to ISS hours. Above IS000e, d002 decreased but did not 

fall below 0.341 ± 0.003nm even after 4 hrs. at 2600
u

e. The defect 

free size La' and extent of layer stacking Lc ' increased iso­

thermally in the range 1200-1S000e, but both increased with time and 

temperature at higher temperatures reaching a maxima of 6.41nm and 

2.15nm respectively at HTT of 2600
0
e. Between 12000e and 18000e HTT, 

the strain, E decreased non-kinetically from 0.24 to 0.15, but at 

higher temperatures, the strain was also time dependent and decreased 

to 0.10 at 2600
0
e. 

The total neutron cross-section (NeS) measurements showed that the 

ratio of hydrogen to carbon atoms (nHne) decreased with increasing HTT 

and HTt, and the WAND data showed that the background, which is strongly 

affected by the presence of hydrogen, also decreases with increasing 

HTT and HTt. The NeS data also indicates that most of the hydrogen is 

lost when the HTT exceeds 2000
0

e. Between 1200 and 1800
0

e, nHine de­

creased from 0.036 to 0.020 and between 2000 and 2600
0

e there was a fur-

ther decrease to 0.014. 
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A graph of Rg vs HTT at t = 0 shows that there are actually three 

regions of interest. Between 1200 and 1500°C, Rg(O) increases with HTT, 

a plateau is found between 1500 and 200°C, and at higher HTT, R (0) again g 

increases monotonically. In the first region there is a rapid decrease 

in hydrogen content and thereafter the changes are much slower. The 

plateau is associated with the relief of stresses generated by the re­

sidual pyrolysis gases. In the region above 2000°C the changes are 

associated with annealing processes, and irreversible dimensional 

changes due to the large anisotropy in the thermal expansion coeffi-

cients. The mechanism of pore growth is associated with vacancy mi-

gration in the layer plane direction in the graphite-like layers. 
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1. INTRODUCTION 

The progress of structural transformation in glass-like carbons 

(GLC) as a function of isothermal heat treatment time (HTt) can be 

followed by both Wide Angle X-Ray Diffraction (WAXD) and Small Angle 

X-Ray Scattering (SAXS) measurements made at room temperature. These 

GLCs are a convenient prototype of the class of non-graphitizable or 

hard carbons, so called because they do not attain the graphite struc­

ture (Fig. 1.1.A) even after exposure at extremely high temperatures 

(- 3000°C) and very long times (- 150 hrs). They are made mainly by 

the pyrolysis of thermosetting resins such as polyfurfuryl alcohol, 

phenol formaldehyde and phenol benzaldehyde [1-5J. The material 

is very brittle KIC = 10.5 Mm-3/2 x 10-5) [6-8J, mechanically hard 

(l-3GN/m2 DPH) [1,9J, strong (40 - 60 MN/m2 ultimate tensile strength) 

[1,16-18J, impermeable (10-6 to 1012 cm2/sec in He) [13-15J and has 

a chemical inertness and oxidation resistance greater than that of 

graphite [1,16-18J. Currently, its principal commercial uses are as 

a material for heating elements, crucibles, susceptors, electrodes, 

electron gun or filaments, in biomedical implant applications and as 

a glaze to cheaper impure carbon or graphite and refractory parts 

[19-23J. A more complete review on such properties and uses are to 

be found in an LBL publication by Baker [24J. 

Microscopically however, the GLC structure resembles that of 

graphite [19J (but there are significant differences as discussed 

later). The fact that the WAXD profiles (Fig. 1.2.B) of the material 

is dominated by SAXS was first demonstrated by Bragg and Hammond [25J. 
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Further SAXS analyses showed that the material obeyed Porodls [26-28} 

Fourth Power Law for heat treatments above 2500°C, and showing a pos­

itive deviation [29-33J from the law at lower temperatures < 2500°C. 

The broad and diffuse peaks observed in the Wide Range Diffraction 

(WRD) patterns (Fig. 1.2.B) correspond to the (001) reflections in 

graphite, and the (hk) bands found in disordered carbons [2,52-56J. 

All these studies concur with the model proposed by Jenkins et al. [IJ. 

The material is seen (Fig. 1.2.A) to consist of ribbons or laths of 

highly strained and defective turbostratic carbon of apparent crystal­

lite size (defect free distance) in the range 15 - 50A. These laths 

twist, turn, split - and - join, and interlace with each other to form 

closed sl it-shaped pores of radius of gyration, Rg = 10-20A in size. 

Some indication of the shiipe and sizes of these pores have been found 

using lattice imaging from transmission electron microscopy [2,34-38J. 

These images were observed for temperatures above 1800°C (Fig. 1.3-1.6) 

using the 002 reflection [38J. 

Both WAXD and SAXS data has been used extensively to measure such 

parameters as the average inter 1 ayerspaci ng, d( 002), defect free di s-

tance ("crystalite size") L, radius of gyration, Rg,and Specific Sur­

face, Sp (surface area per volume, S/V). Previous work [39-46J in WAXD 

analysis has Shown that the profiles must be corrected before meaning- n 

ful analysis can be made, and that these patterns contain only a few 

broad (001) reflections and overlapping (hk) bands. 



.. 
, I 

3 

Preliminary investigations [47J of the structural changes in GLC 

materials took no account of the non-kinetic factors when the Lc 

(layer stacking size), and La (layer diameter) parameters were used 

to obtain an activation energy, 6H, of 215 = 40 kcal/mole. There have 

been no other reported studies of the kinetics of structural changes 

in GLCs, so far as this author knows. 

Bose's [48J study of the closed pore structures in both soft and 

hard carbons fell short of investigating the temperature/time changes 

of pore size and/or pore growth as they are related to the radius of 

gyration parameter. Since pyrolytic Graphite (PG), a representative 

of graphitizable (soft) carbon, has oriented slit-shaped pores and has 

been interpreted in terms of a theory of scattering by oriented ellip­

soids [Bragg et ale [49JJ, it seems likely that the same could be 

applied to the GLC materials, where the slit-shaped pores are oriented 

in all directions. No attempt was made to analyze the data from Rg, 

and analysis for surface area (S/V) was performed only for tempera­

tUres above 2000°C, resulting in an activation energy, 6H, of 

64 ± 10 kcal/mole [48J. 

Bose et al.[50J did not analyze their R data because it was felt g . 

that there was an ambiguity associated with Rg where the meaning of 

pore shape is not simple. Hoyt and Bragg [51J however, attempted a 

pore growth analysis using the Rg parameter, from GLC samples heat­

treated at 1600°C, 1800°C, and 2500°C. They obtained an activation 

energy of 53 kcal/mole, and their analysis indicated that Rg should 

be proportional to t (time) to the 1/3 power. However, no correction 
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was made for· the non-k i netic temperature factor, nor for the added i n­

tensity component resulting from the de~sity fluctuations [29-32J 

within the matrix of the carbon material. These fluctuations have 

been shown to increase with disorder, that is, with decreasing HTT, 

and are especially large at temperatures below 2500°C. 

The purpose of this research is to investigate the low temperature 

« 2000°C) region for non-kinetic and/or kinetic structural changes 

and to analyze the kinetic changes above 2000°C. Specifically, it is 

intended to determine not only the changes in (001) reflections and 

(hk) band d-spacings, and the apparent "crystallite" sizes (defect 

free distances) Lc and La' but also the changes in pore size and 

pore shape as a function of both heat treatment temperature (HTT) and 

time (HTt). The kinetics of the pore growth are to be analyzed to 

obtain an activation energy uSing Rg, and the results compared with 

that previously obtai~ed using S/V analysis. Fortuitously, the 

comparison of the x-ray and neutron diffraction data have revealed a 

heretofore uhappreciated role of hydrogen in affecting the structural 

properties of the GLC. 
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2. THEORETICAL BACKGROUND 

2.1 WIDE RANGE DIFFRACTION (WRD) PROFILES 

Compared to the narrow reflections obtained from well ordered 

graphite, where the interlayer spacing d002 is equal to 0.335nm, the 

diffraction profiles of disordered carbons such as GLCs are broadened 

because the lattice spacing are not so well defined and the correlation 

distance is small. The 001 reflections are also displaced towards 

smaller diffraction angles, and the hkl reflections are replaced by hk 

bands which are also displaced toward large angles. The hkl peaks do 

not appear because the disordered graphitic sheets do not possess the 

ideal ABABA .•• stacking sequence. As discussed below the diffraction 

patterns must be corrected [41-46J before analysis can be made for the 

structural parameters, such as interplanar d-spacings and "crystallite 

sizes", L. These corrections although applied to both X-ray and Neu­

tron diffraction patterns, are much more extensive for the x-ray data. 

Ideally the profiles must be corrected for instrumental distortions, 

for distortions caused by the penetration of the x-rays deep into the 

body of the specimen, for the incoherent (Eompton) background scatter­

ing and for the strong small angle scattering. The resulting profile 

is then multiplied by the appropriate trigonometric (Lorentz and po­

larization) factors. Finally, the correction is made for the varia­

tion of the atomic scattering factor across the broad peaks. The 

result thus obtained is the lattice interference function which can 

then be subjected to analysis for structural parameters. 
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2.1.1 GENERAL WRD THEO~Y 

2.1.1.1 X-RAY CASE 

For polycrystalline samples (disordered carbons) with broad 

reflections, the observed slit collimated X-ray intensity, I(obs) 

diffracted at any angle can be written as: 

lobs(2e) = [C1 x Lp x ABS(2e) x f2 x Icorr (2e)J + Jsaxs (2e)+ Iair (2e) + Ib(2e) 

where (1) 

C1 is a constant (defined in Appendix A); 

Lp = [(1 + cosZ~)/sin2eJ is the modified Lorentz 

Polarization factor [57J; 

ABS (2e) = [l-exp (-2mu x t/sine)J is the absorption factor for 

reflection geometry [58J); 

is the linear absorption coefficient for coherent 

radi ation; 

t is the thicknes~of the sample; 

f is the atomic scattering factor (which also contains the 

Debye-Walker factor, exp(-2W). 

lb is the background scattering which can be written as 

Jsaxs 

lair 

lcorr 

Ibc + lbi' the coherent and incoherent (Compton) 

background scattering respectively [59,137J). 

is the small angle x-ray scattering intensity for slit 

collimated intensity. 

is the intensity due to air scattering [60,61J. 

is the corrected interference function which contains -the 

desired information such as d-spacings, "crystallite" 

sizes, strain broadening and lattice defects. 
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.2.1.1.2 NEUTRON CASE 

For the neutron case, the profile equation has been 

discussed by several authors [62,63,161,162J and the observed 

intensity can be written as: 

I hkl (2g) = [IA x C2 x (1/(sing x sin2g) x C3 x C4 

x (j x NC x B x F2)/(sing x sin2g) x I corr (2g)J + I sans (2g) + Ib 

where (2) 

C2 is a constant (defined in Appendix B) 

Ihkl (2g)is the diffracted intensity of the peak assuming that 

there is no overlap between the reflection profiles. 

IA is the intensity for negligible absorption 

A ;s transmission or attenuation factor 

C3 . is = exp(-lJ xt/sing) x exp(-2W) 

C4 is = (2/B) x [(Ln/Pi)1/2 J x exp[-(4Ln2/B2) x (2g
C

2g )2J 

t is the thickness of the specimen 

lJ is the linear absorption coefficient 

exp(-2W) is the Oebye temperature correction factor 

j is the multiplicity factor 

Nc is the number of unit cells per unit volume 

F is the structure amplitude factor per unit cell 

2g. , 
B 

is the Bragg position of the ith reflection 

is the full width at half maximum intensity 

(Caglioti et al. [163]). 

Ib is the background scattering. 
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When the experiment is conducted in an evacuated system there is 

no air scattering, and since neutrons do not possess a charge, there 

is no electromagnetic interaction and hence, except for magnetic 

samples there is no polarization facto~. The background, b is de­

termined by interpolation across the base of the diffraction peak 

[161,162J. The factor is independent of scattering angle [63J in 

contrast to the rapid increase with atomic number for x-rays, and the 

change with scattering angle [57,64J, that is, the form factor for 

neutron scattering is a straight line dependence with scattering vector, 
41T 

Q = (r- . sinG.) The above equation is related to the geometrical 

arrangement where a parallel-sided slab of material is placed in the 

symmetrical transmission position to intercept adequately the whole of 

the monochromatic beam. In some cases, the sampl~s are enclosed in a 

thln metal box, (usually of all:/minum) which produces negligible 

absorption and scattering. 

For both methods however, inaccuracies will arise due to incorn-

plete separation of the peaks or toa ~apid variation of background 

intensity.(x-ray case) in the region of a diffraction peak. An ex­

ample of the latter problem is the scattering in GLC where hydrogen 

is responsible for the high background (above instrumental) in the 

neutron case, but in the x-ray case, carbon atoms produce the inco-

herent (2G dependent) scattering. This is discussed further in 

Sections 2.3, 3.3, 4.3, and.S.1. 
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2.1.2 ANALYSIS OF X-RAY LINE PROFILES 

X-ray diffraction (XRD) line profiles from crystalline ma­

terials are usually narrow and thus fairly simple to analyze, and the 

experimental procedure has been standardized [58J. However, GLCs do 

not give sharp peaks, the incoherent background scattering is sig­

nificant [64,71J, and the strong contribution from the small angle 

scattering which makes the 002 peak very asymmetric has been reported 

by several investigators [25,29-32,65-68]. This material, a non-gra­

phitizable carbon, has a diffraction pattern with very few 001 peaks 

and hk bands, all of which are very broad. They are so distorted that 

the profiles must be corrected before an analysis can be made in terms 

of the contributions of particle size, strain, and other defects to 

the broadening of the line profiles. 

A modified version [41,71J of the systematic procedure [39], for 

obtaining distortion free line profiles is used. The use of 

reflection geometry requires an extremely long sample when obtaining 

data in the sOmalI angle region. In addition, theory assumes the use 

of a parallel beam so a divergent beam (experimental) contributes to 

the distortion of the data. The x-ray beam also penetrates the low 

density GLC samples to an appreciable depth causing a displacement of 

the x-ray patterns (low specimen absorption) towards smaller angles 

[69,70J. The use of flat samples of finite length combined with slit­

collimated divergent beams therefore reduces the available irradiated 

volume and causes a departure from focusing conditions; therefore, 

at certain small angles, some of the incident x-ray beam misses 
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the sample completely and intensity is lost [41J. The angular 

distribution of the intensity scattered from air is continuous and 

decreases with sin9/1. Errors due to this air scattering, and the 

counting losses due to resolving time in the counters, must all be 

corrected for. 

The sequence of corrections [41,71J used is as follows: correct 

for resolving time (counting losses), irradiated volume, air scatter­

ing, low specimen absorption, incoherent (background) scattering [137] 

and small angle scattering. The resulting profile is then multiplied 

by the inverse of the polarization factor and the inverse of the atomic 

scattering factor squared. Each peak is then multiplied by the appro­

priate Lorentz factor if the 001 peaks and hk bands do not overlap. 

For overlapping peaks, a "peel off ll analysis (which includes using 

the appropriate Lorentz factor) must be performed. Details of analysis 

before "peel off" can be found "elsewhere (Henry and Bragg [41J). The 

"peel off" procedure as it applies to GLC can be found in Section 2.1.4. 

2.1.3 ANALYSIS OF NEUTRON PROFILES 

Neutron diffraction line profiles from crystalline materi-

a1s are much simpler to analyze than those from x-ray diffraction 

because, as stated earlier, for the neutron case there is no angular 

variation of the form factor, b (the nuclear scattering factor 

[62,63,72J, but as in the x-ray case there is a temperature factor 

[130J. Since the wavelengths used, typically ranging from 0.1 to IDA, 

are commensurate with atomic spacings in materials, thermal neutrons 
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diffract coherently according to the same Bragg law utilized for 

x-rays. For neutrons, the transmission method is used because neu­

trons are highly penetrating, and hence thick samples are needed for 

usable intensity. High vacuum conditions are employed to eliminate 

air scattering. Thus the only corrections needed before the "Peel 

off" analysis are for the background scattering, and for small angle 

neutron scattering (SANS). The polarization factor is non-existent 

and the absorption factor is negligible [63]). Whereas the SANS re­

moval follows the same procedure as that for the SAXS removal, the 

background scattering, that is the incoherent diffuse background 

scattering caused by isotropic incoherence, and by spin incoherence, 

does not vary with scattering angle, and is removed by subtracting it 

from the raw data before the SANS has been removed [130]. 

2.1.4 "PEEL OFF ANALYSIS" 

In order to study the intensity profile of any particular 

reflection, it is necessary to separate it from the total scattering 

curve [46]). The data is corrected (described in Section 2.1.2) up 

to and including both the atomic scattering factor and the polarization 

factor, but not the Lorentz factor. The "Peel off" procedure, which 

includes resolving the overlapping of the very broad reflections, is 

fully described by Short and Walker Jr., [46J, and its application to 

one of the GLC samples is briefly described below. The procedure 

assumes: (i) that the (002) peak has zero intensity at about 10° 29 

on the low angle side. This has been shown to be so for many carbons; 
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(ii) that the intensity of the (hk) bands falls off to zero at some 

angle on the lower side of the peak given by the following equations 

developed by Warren and his co-workers [53,54J: 

L 
(i) A = 2 x (1T) 1/2 f (si ne - sine 0 ) ( 3 ) 

(ii) F(A) is some function of A (analytical values for F(A) are 

tabulated in Appendix C.) 

The position of the zero intensity is obtained when F(A) = O. The 

high angle side of the (002) peak can now be obtained. This angle is 

obtained by multiplying the corrected intensity by sine (sine=sineo)1/2. 

The (004) peak is removed analytically, after which the (10) band is 

subtracted. This procedure is repeated for the (10) and (20) peaks. 

In this way, each peak is removed individually after which appropriate 

formulae for particle size can be applied to the pure diffraction 

curves. 

2.1.5 INTERLAYER (001) and 2-DIMENSIONAL (hk) REFLECTIONS 

The lattice and interlayer spacings, obtained from the 

angle at which the corresponding peaks are diffracted, are calculated 

only after each peak has been stripped (peeled) from the total pro-

file, and has been made symmetrical by dividing through by the appro­

priate lorentz factor. For the 001 profiles, this latter factor is 

= 1/sin2e. The cose term has been dropped because it related to 

the line breadth [57J. For the hk bands, the Lorentz factor [53,54J 

is given by: Lorz1 = l/sine(sine + sine) where e is the true o 0 

position of the peak; but this applies to the low angle side of the 
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band. On the high angle tail of the two-dimensional reflection, the 

factor is given by: Lorz2 = 1/sine(sin2e - sin2e )1/2. The o 
d-spacings can now be calculated using the Bragg equation, 2d sine = A. 

Details of the above method of analysis as it relates to GLC was re-

ferenced and discussed in Section 2.1.4. 

2.1.6 PARALLEL LAYER GROUP DIAMETER La AND LAYER GROUP 

THICKNESS, Lc 

The crystallite size (defect free distances) in the c 

(height) and a (diameters) directions, can be obtained from measure-

ments of the broadening of the appropriate diffraction peaks. The 

Scherrer (1918) expression L = (KA/(Sl/2cos2e) relating the crystal­

lite size L, to the line broadening S, ti~ wavelength, the angle of 

diffraction e, and the Scherrer constant, K, is used throughout. The 

value of the constant K depends not only on the indices of the reflec-

ting plane, but also on whether simple or integral line breadths are 

used, and also o~ the fraction of the peak height being used to mea­

sure the line breadths. These factors have been thoroughly investi-

gated by Klug and Alexander [58J, Randall et al. [74J, and Warren [54J 

and are utilized throughout this dissertation. In summary, they re-

ported that for the 001 peaks, K = 0.89 at half max peak height but 

= 0.57 at 3/4 maximum. For the hk bands, K = 1.84 for half maximum, 

K = 1.02 for 3/4 max and = 0.94 for 2/3 maximum. 
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2.2 SMALL ANGLE X-RAY SCATTERING (SAXS) 

2.2.1 GENERAL SAXS THEORY 

It is well established that interference effects in x-ray 

scattering at extremely small angles are due to diffraction from the 

small particles (homogeneities) in a solid matrix and is little af­

fected by atomic structure (Guinier et ale [75J. However, it was 

Krishnamurti ([76J) who pointed to the strong scattering in the very 

small angle region from amorphous carbon materials such as charcoal, 

coke and anthracite. The same scattering was observed for dilute solu­

tions of cane sugar, gelatin and colloidal dextrin, hence the scatter-

ing was ascribed to the randomly distributed sugar molecules. Because 

colloidal dimensions (10 - 10,000A) are large compared to x-ray (wave­

length = 1.548A) the angular range is correspondingly small. In 1965, 

Bragg [25J reported the same small angle scattering phenomenon for the 

pores in glass-like carbons and for dilute solutions of silica solvents. 

The basic assumptions are that the solution of identical particles 

of constant electron density must be dilute enough to eliminate inter-

particle interference such that each makes independent contributions 

to the total scatte~ed intensity. Lord Rayleigh's [77a,bJ equation 

(4 ) 

where ~p is the electron density difference between matrix and particle 

(pore) . 
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V is the volume of the particle. 

Ro is the particle radius. 

10 is the incident beam intensity. 

Guinier's (1938) postulate that the total scattering is simply the sum 

of the scattering from each particle for dilute systems was extended [75J 

to consider the case for the smallest angle (i.e. h--~o) called the 

Guinier approximation. Hence the above equation (4) becomes: 

I(h) = 10 (~p)2x exp(-h2R~/3). 
h--~o 

(5 ) 

It is easy to show that the radius of the spherical particle Ro' and the 

radius of gyration, Rg, are related, i.e., R~ = i Ro. The Guinier 

approximation has been shown to be true regardless of particle shape 

and symmetry, and has a high angle limit of hR = 2.0, beyond which the 

approximation is not valid. A plot of log I(h) versus h2 gives a 

straight line at small h, the slope of which gives information about 

the geometry of the system and the size of that geometry. Specifi-

cally, Rg, which corresponds to the radius of gyration in mechanics, 

is the root mean square of the distances of all electrons from the 

center of gravity, and is therefore a measure of the spatial extension 

of the particle. 

Porod [78,79J on the other hand, considered the intensity of the 

scattering at large angles, and arrived at an asymptotic law given by 

the equation: 

where 

I(h) = [10(6P)2 2PI*SJ/hn 
h--~ co 

(6 ) 
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h = ((4PI*sine)/1) is the scattering vector 

S is the total surface area of the interface between the 

phases, 

.n=.+4 for point collimation (Porodls Law). 

Rearranging: 

h4I(h) = Io(6P )2 2PI*S = Kp (7) 

shows that the curve will asymptotically reach a constant value, the 

Porod Law Constant, Kp' which is proportional to the total internal 

surface area. The assumptions here are that the two phases are iso­

tropic, of constant electron density (i.e. strictly invariant with the 

phase boundaries and sharp electron density transition from one phase 

to the other). Experimental demonstration of the above laws have been 

provided by several investigators (Van Nostrand and co-workers [28a,bJ, 

Debye et al. [27J. 

2.2.2 DENSITY FLUCTUATIONS 

Perret and Ruland [29,30,80,81J, in their SAXS studies of 

rayon-based carbon fibres, non-graphitizable carbons (NGC), pan-based 

fibres, and glass-like carbons, reported that although the Porod Curves 

[In JObS (h) versus 10 (h)J tended towards a linear relation for higher 

values of h, none of the curves corresponded exactly to the h-3 (slit 

collimation), dependence. J(h) is the slit collimated intensity. Fol­

lowing the method of Schiller and Mering [82J, Perret and Ruland [29J 

showed also that although the h3 J b versus h2 plots yielded a linear o s 
relation at higher h-values, the slope in this region was positive in-
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stead of zero indicating that the experimental intensity curves had an 

added component which varied as h-1 . The fact that the exponents are 

higher than the theoretical value of -3 expected for sharp density 

transition between voids and the dense material indicates the exist-

ence of a component due to density fluctuations within the matrix. 

This deviation from Porodls Law they attribute to one dimensional den-

sity fluctuations produced by statistical variations of the size and 

shape of the layers in a given stack of graphite-like layers. They 

then modified Porodls Law Equation to include this added intensity, 

i.e., 

JObS(h) = b1*h-3 
+ 

where the first term, b1h-3 

(8) 

is the well known Asymptotic Porod Law for 

large h, but the second term they attribute to the general constant 

diffuse scattering stemming from the general electron density fluc­

tuations in the matrix. These fluctuations are thought to occur at 

greater than interatomic distances and in the direction of the par-

allel stacking of the layers. The constants b1 and b2 can be obtained 

from the intercept and slope of the plot. Subtraction of the term in 

h-1 will yield the corrected intensity, Jc for zero fluctuation in the 

carbon material. 

In 1971, Ruland [83J showed that the finite width of the density 

transition ~roduces negative deviations, while the density fluctuation 

within the phases produces positive deviations. He further argued that 

provided there is no correlation between the density fluctuation of one 

phase and that of the other, nor between the fluctuation of a phase and 
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the shape and size of its boundaries, the corresponding intensity com-

ponents are simply additive to the SAS of the ideal system. Separation 

of these components have been shown previously (Luzzati et a1. [84J to 

be experimentally feasible, and proved theoretically by Wendorff and 

Fischer [85J. 

Further quantitative determination of these effects have been 

shown to be feasible by Perret and Ruland [86J and Vonk [87J. That 

the intensity at relatively large h-va1ues was due essentially only to 

the fluctuation component of the SAS was experimentally shown to be so 

by Ruland and co-workers [88-90J. The fluctuation component was sep-. 

arated from the scattering at smaller h-va1ues by extrapolation of the 

lobs versus h plot to h = O. The resulting intensity without the 

fluctuation component was then multiplied by h4 and then h4 

(lObS - If1 ) plotted against h2• They found that the presence 

of a finite width of the boundary region showed up at large h-values 

as a linear decreasing part of the plot. Similarly, the presence of 

density fluctuations should show up as a linearly increasing part of 

the plot. These fluctuations have been shown to decrease with in-

creasing HTT for GLC by Perret and Ruland [30,90J and by Jenkins and 

Walker Jr.[32J. 

2 .2 .3 PORE SI ZE, STRUCTURE AND COARSEN I NG 

The total pore volume in GLC has been found to depend only 

on HTT and not on HTt [50J. However, the pore sizes increase [25,92J 

and specific surface decreases [31,50] with both HTt and HTT. It has 

.. 
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been established that pore growth occurred by the migration of va-

cancies such that the larger pores grow at the expense of the smaller 

pores in the system. Here, the size and shape of the pores depend on 

the inherent strain present in the material with the high concentration 

of structural defects acting as excellent sinks for migrating vacancies. 

This is easily seen to be so since the pores are bounded by tangled and 

very low energy 002 crystallographic planes (graphitic laths). Hence, 

pore growth should depend on structural changes and reduction in strain 

energy more so than on overall decrease in surface energy, as was sug-

gested by Bose et ale [50]. To test the Vacancy Migration Growth me­

chanism proposed by Bose and Bragg [50], Hoyt and Bragg [51J proposed 

using the change (with temp. and time) in average radius of gyration, 

Rg, of the pores in GLC. They suggested that the pore coarsening in 

GLC be likened to the steady state particle (precipitate) coarsening 

in alloy systems where such processes are controlled by volume diffusion 

compelled by the reduction of interfacial area (energy) between parti-

cles and matrix. Here, the coarsening rate is proportional to the in­

verse third power of time [rate a 1/t3J, where competitive growth 

takes place among precipitates (of various sizes and shape) randomly 

dispersed in the matrix. The volume fraction of the precipitate di-

rectly affects the rate, and the density decrease due to mass loss, 

hence the total pore volume could remain constant with HTt, but will 

definitely change with HTT. In order to understand what changes are 

taking place, it is useful to consider the Liftshitz, Slyozov and 

Wagner (LSW) theory [93J of pulk diffusion which deals with controlled 
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second stage growth of precipitates in a super saturated alloy sys-

tern. This is the same as steady state precipitate coarsening and the 

relationship can be written as: 

where 

(9) 

r is the average radius 

r. , is the initial average radius 

R = 1.987 kcal/mole, the gas const. 

T is the absolute temperature in deg/Kelvin. 

is the interfacial energy between matrix and 

solute (isotropic assumption). 

Co (mole/cm3) is the equilibrium solubility of ppts or mole 

fraction in equilibrium with a plane interface 

o (cm2/sec) is the diffusion coefficient of ppt species. 

tJ (cm3/mole) is the molar volume of solute or precipitate 

or pores 

v is the stoichiometric factor or weight fraction of solute 

particles. 

The above theory is based on several assumptions: 

(i) anisotropy is ignored and particles are assumed to be 

spherical. 

(ii) interactions between grains are ignored since their dimen-
r 

sions are small compared with the mean distance between them. 

.. 
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(iii) fluctuation effects playa negligible part in the second 

stage of coalescence where the growth of the larger grains 

occur at the expense of the smaller ones. 

(iv) elastic strain that results from a difference between the 

specific volume of the grains and the matrix are also ignored. 

(v) solute atoms diffuse to the spherical particles under steady 

state condition. However, it must be noted that if the growth 

of a grain produces an elastic deformation on its surround-

ings, then there is an effect on the diffusion rate. 

(vi) the volume fraction, ~ of the dispersed phase is infinitesi-

rna 11 y sma 11 • 

Experimental evidence consistent with the above LSW theory was 

provided by Ardell and Nicholson [95,96,97J when they showed that the 

rate of the mean particle size increased with the third power of aging 

time. Because the experimental particle or pore size distributions 

were broader than the LSW theory predicted, Brailsford [10J Ardell and 

co-workers [95-100J all considered the volume fraction ~, that is, the 

diffusion geometry (radius of influence) around the particles. They 

found that the coarsening rate, r, increases as ~ decreases [98J, but 

the basic rate (r a t 1/ 3) is maintained. This is called the MLSW 

theory [99J. This theory was later modified to consider the effect of 

encounters between growing pores (LSEM theory) where we have both di­

rect contact between pores and a "welding" (particles joining) effect. 

These considerations have been found suitable for high ~) (up to -0.5)­

and will reduce to the LSW theory at ~ = O. Here again the basic rate 

(- tl/3) - - t - d r a 1S maln a1ne . 
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In gene~al, growth originates from the concentration gradients 

existing around the particles caused by the thermodynamic demand, 

(Gi bbs - Thomson equation) where. theconcentrati on at the surface of 

particles in equilibrium with l~rge particles is lower than that with 

smaller particles. Since the solute atoms flow through these concen­

tration gradients both from th~ ~urface of the smaller particles to 

the matrix and from the matrt~ to the surface of the larger particles 

we can say that the average radius of the particles (pores) changes. 

If we further assume that the pore shape remains the same (constant), 

and the interparticle distance »2r, then r = K x R , where K is a 
. g 

constant, and Rg, the electronic radius of gyration. We can rewrite 

equation 

8yO Co ~(t-to) 
(-R )3 _ (-R )3 

= 9 v K R T g go 
(10) 

[ - 3 - 3 T (R) - ( R ) J = K ( D) x 0 x (t- to ) 
g go 

(11 ) 

where 

K(O) = 8yCo~/9vKR (12) 

and 

o = Do exp (-A H/RT) (13) 
Do is the diffusion coefficient. 

Hence T[(R )3 - (R )3 J = K(O) x 0 exp(-A H/RT) (t-to)' (14) 
9 go 

Thus the slope of plots of T(Rg)3 vs time when plotted vs lIT 

would enable us to calculate the activation energy, AH. We can now 

write a differential type coarsening equation including all the above 

considerations: 

... 
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(15) 

where CB is the atomic fraction of solute atoms in the precipitate 

or 

where k (6), the rate constant : (~ x :~:~~ ) 
recall 

r = K( if ) . 
g 

Finally 

where 
v increases as ~ decreases. 

and 

v = ~7 for ~ = 0, i.e. for steady state. 

(16) 

(17) 

It can be assumed then that the kinetics of pore growth in GLC follows 

the modified LSW theory of diffusion controlled coarsening. 

2.2.4 ACTIVATION ENERGIES IN GRAPHITE 

Based on atomic interactions between the carbon atoms and the 

bond energies within single crystal graphite hexagonal layers, Diennes 

[104J proposed several mechanisms for the activation energy, 6H, one 

of which incorporated self diffusion vacancies migrating parallel to 

the layers (basal planes), that is, perpendicular to the c-axis. 
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The theoretical value of this migration energy has been calculated to 

be 71.4 kcal/mole, and the vacancy formation energy was calculated to 

be 119.4 kcal/mole. These values were based on the Graphite'sheat of 

sublimation value of 124 kcal/mole.Pauling [10SJ. Since these values 

were obtained using single crystal graphite, they are applicable only 

. to volume diffusion. Diennes [104J ~H values, re-calculated by 

Kanter [106J using the more reliable for the heat of sublimation 

(170 kcal/mole - Coulson [107J, are ~H = 93 kcal/mole for migration, 

and ~H = 170 kcal/mole for formation. Coulson et ale [10BJ pointed. 

out that the energy of formation for a single vacancy is not the same 

as the sub1imation energy; an idea which previous investigators had 

used to arrive at their experimental values. Coulson's value for 

~H( = 10.74eV = 247.7 kcal/mole) is also based on the experimental 

sUblimation energy (170.4 kcal/mole-Knight and Rink [109J; but is much 

higher than previous values. It was pointed out however (Coulson and 

Poole, [110J that divancies are formed with energies release of appro x­

imately 4-6 eV and so previous values could be representative of divancy 

formation. Kelly (lllJ cited by Thrower [112J obtained a theoretical 

vacancy formation energy of 166 kcal/mole, and Nicholson et al. [113J 

extended the defect molecule formation vacancy calculations of Coul-

son et ale [103J to allow for symmetry relaxation around the vacancy. 

The value calculated ~as B.7SeV which is lower than that of Coulson, 

but higher than experimental estimation. 

.. 
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Experimental verification for the energy of vacancy formation has 

been attempted by Smoluchowski [114J, Kanter [106J, Rasor et ale [165J, 

Baker et ale [115J, and Nicholson et ale [113J. Their values ranged 

from 6.6 to 8.75 eV/atom (152.2 to 201.8 kcal/mole). On the other 

hand, the migration energies investigated by Felman et al. [120J, 

Baker et ale [115J, Henson et ale [119J and Thrower [112J ranged from 

3.5 to 3.9 eV/atom (57.7 to 90 kcal/mole). Coulson and Poole [110J 

pointed to the fact that experimental values are lower than theory be-

cause divancies form with energy release of 4 to 6 eV/atom and hence 

are more stable than single vacancies. Bose et al [49,51J on the other 

hand obtained a value of 64%10 kcal/mole from specific area kinetics in 

GLCs. 

2.2.5 SURFACE AREA 

It was mentioned (Section 2.2.1) that the total surface area 
n can be obtained from analysis of a plot of Isaxs versus h • however the 

actual calculation is not as straightforward as the equation below would 

su gges t i. e. 

(18 ) 

4 The product h *I(h) reaches a constant value Kp. (the Porod Asymptote) 

at large h. In general. this equation is strictly valid only when the 

electron density transition at the interface is sharp (Porod [78.121J. 

This shows up in the h4I(h) versus h plot as a zero slope at large h 

Schiller and Mering [82J, Perret and Ruland [29.80J). The slope 
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is 'negative however if the interface is not sharp (Ruland [83,90J), 

that is, if there is a finite thickness between the phases, and posi-

tive if there are density fluctuations within the matrix (Perret and 

Ruland, [29,80,81,30J, and Ruland, [83,90J. This has been discussed 

in Section 2.2.2. 

Since most of the experimental intensity data are not obtained in 

absolute units, but in relative units, a surface area per volume, S/V 

is more easily interpolated from the data. Here, the integrated in­

tensity, called the Porod Invariant, Op is related to the volume 

(Porod [78,121J, that is: 

Op = 2c(l-c) jCX>h2I(h) dh = 41T2*C(1 - C.) (60)2 *V 
o 

(19 ) 

where C = (p; - PB)/pA~:fs.the fraction of volume 

(occupied by the pores or particles) r~~ponsible for the scattering. 

Here, PA is the theoretical density, and DB is the density of the ma­

terial. Combining and rearranging equations (18) and (19) 

and 

4 f = 1T*C(I-C)* Lim _ h I(h) 

h-+~ ;''2 I( h) dh 

o 
(20) 

S 1T c(1-c)* Kp 

;, = V JOh2I(h)dh + l~ h* K: dh 

o ho 

(21 ) 

where ho is the point beyond which Porodls Law is valid. Here Kp' the 

Porod Asymptote, is extrapo 1 ated from the plot of h4 *1 (h) ver sus h2, 

and Sp is the specific surface area. 

.," 
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The first integral in the denominator of equation (21) above is just 

the integrated intensity (area under the curve) of the plot of h2*I(h) 

vs h in the region h = 0 to h = hoe The second integral, when evalu­

ated can be written as: Integral = Kp/ho' where ho is the prede­

termined point from the h2*I(h) vs h plot. 

From the above, it is seen that the surface area of any system can 

be obtained once the fraction of the volume (occupied by pores or par­

ticles) responsible for the scattering is known. The case for the 

particles or pores can be likened to Babinetls Light Principle of Re­

ciprocity where the hollow in a sphere can be considered a phase. An 

example is GLC where the electron density contrast between the pores 

and the surrounding matrix is much stronger than the electron density 

variations within the matrix. Hence, the excellent scattering proper-

ties of the material. 

2.2.6 PORE SHAPE 

Bragg and co-workers [49,25,92,34J in their studies of the 

pore structure of PG and GLC, established that the pores in PG are 

oriented, oblate ellipsoids of revolution, and that those in GLC are 

closed and have sharp edges and corners. Further evidence for the 

shape and orientation in non-graphitizable carbons (NGC) produced 

from polyacrylonitrile is given by Perret and Ruland [29,23J when they 

showed that the scattering (after correction for density fluctuation) 

from the NGC materials [29J obeyed Porodls 4th Power Law up to rela-

tively large values of h. This implied that the density transition 
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between the dense carbon material and the pores had to be sharp (width 

of zone < O.3A). Hence they concluded that the pore walls are formed 

by planes of graphitic layers and are probably of irregular polyhedra 

shape. For Glassy Carbon however, they had [23J suggested that the 

shapes of the pores are needle-like with sharp edges. Earlier, Bragg 

et al [49J had shown that the number of voids in PG is about equal to 

the number of Ucrystallitesu. They concluded that since the voids 

probably occur in association with the "crystallites", then they most 

probably lie between the layers of "crystallites" and are probably 

pyramidal in shape. 

let us now assume that the pores in GLC can also be approximated 

to ellipsoids of revolution, mainly because the data shows that shape 

of the h4I(h) versus h2 c~rve does not follow the theoretical scat­

tering curve for spherical pores. Malmon's [123J calculations foi the 

scatte.ring by ell i psoi ds shows that the scattering is a maximum at 

zero angle and falls off rapidly as the angle increases, but in a 

mann~r characteristic of the shape of the ellipsoids. The original 

equation for ellipsoids derived by Guinier [75J and Roe~s and Schull 

[124J:considered the scattering from an ellipsoid of revolution with 

sem.;~axe.s aI' a2,. vA' where v(= a2/a1) is the aspect or axial ratio, 

that is, the ratio of the semi-axes of revolution to the equatorial ra-

dius. 

11' 

I(h) =f2 [hal (cos2• + }sin2.)1/2 ·cosa da. 

o 

(22 ) 
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Numerical solutions have been obtained for several axial ratios by 

Guinier [75J, Roess and Schull [124J, Schmidt [126J, Porod [127J, 

and Mettelback and Porod [127J. Guinier however, demonstrated that 

the scattering curves from all particles with the same radius of 

gyration, Rg, have the same limiting shape as h --~~. This was 

experimentally shown to be so by Hamzeh and Bragg [124J and Bose 

and Bragg [125J in their work on PG. 

Malmon, on the other hand, paid particular attention to the larg­

er scattering vectors, h, by plotting I(h) as a function of hR g where 

Rg = [(2 + v
2)/5J1/2 * a1. Here, a1 is the smallest dimension of the 

ellipsoids in. a system which satisfied the conditions of random orien-

tation, mono-dispersity, and no interaction (dilute solution) between 

particles which ~dnsist of a single macromolecular species. In this 

way Malmon was able to show that the distinguishing features between 

oblate and prolate ellipsoids are to be found at the larger scatter-

ing vectors. For poly-disperse systems however, the scattering curve 

represents a weighted average of the scattering from each component. 

Hence, in the smaller angular regions, the intensity is weighted to-

wards the larger particles, and towards the smaller particles out at 

the larger angles. Such scattering has been investigated by Roess and 

Schull [124J, Schmidt and co-workers [127,128,129J for ellipsoids. 

Their calculations were for dilute solutions of uniform charge density 

particles. They inferred from the above that although the semi-axes 

are different in size, the axial ratio, v, is the same for any solu-

tion. 
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Schmidt1s [127J scattered intensity equation is 

Ph(h,") - i~Nn(R)*R6*I(hR)dR 
o 

where Nn(R) is the distribution function of the equatorial radius R; 

the R6 term occurs because I (hR) is proportional to the square of 

the particle volume. Integration and evaluation result in the 

fo 11 owing: 

(23) 

Po(h,v) = (1/5) (1 + X2)-1 [(1 + v2X2)-2 + A(X) x T(v,X)J (24) 

where X = 2hl a 

and h = 4*1T*sint>/lambda 

a is a constant 

A(X) (24A) 

T(v,X) = (1 + v2X2)-1+ (1 + X2)-1*0-1 *tanh-10 (248) 

O(v,X) = X(1 _ v 2)1/2 *(1 + X2 )-1/2 (24C) 

tanh-10 = 1/2 * Ln[(1+0)/(1-D)]. 

The above equation then can be used for comparisoh against experimental 

results. The overall result however of the polyd~sperse nature of any 

system of ellipsoids is to average out the oscillations (which are 

dependent on the particle size) such that theyb~come relatively small 

or completely absent not only as v increases, but al~o as the scatter-

ing vector increases. 

(240) 
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2.3 TOTAL NEUTRON CROSS SECTION 

When neutrons encounter other atoms many reactions occur. These 

reactions depend on the cross section of the atoms and the energy of 

the neutron used. The transmission through the sample is simply the 

ratio of the intensity of the beam passing through sample Is' to 

that intensity 10 incident on the sample. The intensity of the 

incident beam is reduced in passing through the sample because the 

incident neutrons are absorbed and/or scattered by the target 

particles. The total cross section, 0T is given by 

aT = as + a A 

where 

(25) 

aS is for the case where the neutron is simply scattered and re­

emerges as a neutron 

aA is when the neutron is truly absorbed with the production of 

quantum of radiation or some other particle. 

The transmission T from any sample is related to the total cross sec-

tion by the following: 

Is 
--I = T = exp [-N(L.*OJ)*X] 

o J 
(26) 

where 

X is the distance in the medium through which the beam has 

travelled. 

N is the number of atoms per unit volume 
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is the summation of the c."OSS section coefficient of the 

various reactions which can take place. 

is the linear absorption coefficient of the material at 

the given neutron energy. 

For our carbon material (GLC), the cross section per unit mass aIm 

is given by 

. (27) 

where nC and nH are the number of carbon and hydrogen atoms per unit 

mass respectively; aC and aH are the total scattering cross section 

for carbon and hydrogen, and K is a constant to be determined using a 

sample where it is assumed that nH = O. From the above equation, the 

ratio nC/nH can be determined for theGLC sample. 

The neutron cross section is not only atom dependent but also 

energy dependent. Hence according to Bacon [63J the neutron cross 

section for hydrogen compared to that for carbon is in the ratio 

of 170:1 for neutrons having a wavelength of O.lOBnm (1.0BA) which 

corfesponds to 0.07eV. Here aH = Bl barns and aC = 5.6 barns. 

For the experiments done at ANL however, the energy used was 

300 MeV, hence aC = 5.5 barns and a H = 25 barns. For the samples done 

( ) ( -24 2) , at NBS no energy was quoted , but (TC :::: 4.B barns 10 cm and 

fJ'H = 50 barns. 

It is seen then that the amounts of hydrogen present in the sample 

obtained from cross section measurements cari be determined semi-quan-

titatively, then related to the background scattering in the material 

as obtained from the wide angle diffraction data. This residual amount 

.. , 
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of hydrogen that remains after carbonization or graphitization has been 

shown to be in the range 100-1000 ppm in carbons and 5 - 200 ppm in 

graphites (Meyer et al., [132J). It was also shown that the hydrogen 

content decreased with increasing HTT, but the materials had to be 

heated in the range 3700 - 4200°C to remove the remaining hydrocarbons. 
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3. EXPERIMENTAL PROCEDURE 

3.1 PRELIMINARY: MATERIALS 

The Glass-like carbon material used in this work was prepared by 

Polycarbon Inc., of North Hollywood, California under license from 

Lockheed Missiles and Space Corp., and received a final heat treatment 

temp(HTT) of 1000°C for one hour, thus removing most of the aromatics 

and other gases. However, some hydrogen is left. The material, re­

ceived in plate form had an as-received bulk density of 1.53 gm/cm3 , 

and an interlayer spacing of 0.346 ~ 0.003nm. 

Specimens, nominally 5.0 x 2.5 x 0.2cm, were cut from the plate, 

weighed, measured for length, width and thickness, and scribed with 

gauge lines (Mehrotra Ph.D. thes~s [133J). They were then heated in 

a verfically mounted Astro Graphite (Model 2560 - 1000) furnace which 

u:tili zed a graph ite heati ng element. The furnace was modifi ed so that 

. a gr~phite carousel could hold 10 samples at a time. The samples were 

fitted into vertical radial slots in the cylindrical graphite sample 

holder. The initial method, of hold~ng the sample above the hot zone 

(wh i ch has a 200-300° C difference) until the heat-treatment temperature 

was reached, then plunging the carousel into the zone, was found to be 

·unsatisfactory. Most of the samples either cracked or broke. Finally, 

the samples were held in the hot zone during the ramp-up time which is 

approximately 30 minutes to get to 1000°C. The temperature was mea-

sured with adisappear;ng filament optical pyrometer, and an automatic 

temperature controller was used to maintain the temperature to ~ 10°C. 
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Heating rates were 15°C/min up to 1000°C, then 6-7°/min. above 

1000°C. The samples were heated in the range 1000 -2600°C and for 

times up to 150 hours. Each sample was dropped from the hot zone 

(after the appropriate time) by specific incremental rotation of the 

carousel. The samples fell into a He-atmosphere quench chamber. Spec­

imens were re-weighed, measured for length, thickness and width, then 

ground (on both sides to avoid warping) to 0.16cm thickness for maxi­

mum transmission during x-ray measurements. These were then hand pol­

ished using 600 grit papers (thickness tolerance of 0.0001). Details 

of the procedure including temperature control can be found elsewhere 

[134 J. 

3.2 WIDE ANGLE X-RAY DI~FRACTION PROFILES 

The wide ANGLE X-RAY DIFFRACTION (WAXD) experimental data were ob­

tained with a General Electric XRD5 Diffractometer employing a copper 

tube (with large focal spot) at 45KV and 35mA in conjunction with a 

nickel filter pulse height discrimination. Collimation was provided 

by a 1° source slit, H.R. Sollerslit, and 0.1° detector (receiving) 

slits. The samples were scanned in reflection in the range two theta 

= 1.0 to 160° with goniometer speed 0.2° per min; chart speed 0.06 11 

per min, and time constant of 0.5sec. In the region below 8
0 

two 

theta, all intensity measurements were made using fixed count 

(N~10,000) and 0.1° two theta increments. At still smaller angles of 

30 and less, correction for counting losses due to resolving time in 

the counters were done using multiple foils technique [58J. The air-
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s'cattering, which has a continuous decreasing angular distribution with 

increasing sin9 [58J, was obtained by measuring the air scatter in the 

absence of the specimen and multiplying the result by an appropriate 

geometric factor [60,61J. 

The incoherent x-ray scattering from the GLC samples were. measured. 
I 

[59,135J at the largest scattering angle (150° 20) possible for thera-

diation (Cu K = 1.5418A) used~ The fixed count method was used, and 
a 

the experimental details are to be found in [137J (see Appendix D for 

relevant equations). Results of the measurements on Pyrolytic Graphite 

and GLC 2700°C are shown in figures 3.2.A,B.~.and the extrapolated in-

coherent scattering down to zero angle is shown in fig. 3.2.C. 

3.3 WIDE ANGLE NEUTRON DIFFRACTION 

The neutron (wavelength = 0.719A and 1.542/1.) diffraction patterns 

were obtained at the Nation·al Bureau of Standards (NBS), Reactor Radi­

ation Division. A resolution, 6Q (0 = 41T sin9/).)" was obtained using an 

annealed polycrystalline copper specimen. Data were collected from 5° 

to 105° two theta, using fixed count and using O~2: , 29 increments, 

then normalized to the total mount (weight) of sample present. The 

samples were normalized to the 1200°C·sample, hence the 1800, 1200 and 

2600° samples has the following multipliers: '1.09, 1.06,0.847 re­

spectively. These numbers r~present the increase of the relative 

values thickness times the width for the sum of all samples at that 

annealing temperature. The length of each sample was essentially 

selected by the beam and was nearly constant for all cases. The data 

is first corrected for these factors before any analysis is done. 
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3.4 SMALL ANGLE X-RAY SCATTERING 

3.4.1. APPARATUS: THE la-METER SAXS CAMERA 

The GLC samples, thinned to 0.16cm using a diamond wheel, 

were cut to 10mm squares, then taped over 1.0mm holes on a circular 

wheel in an automatic sample changer capable of exposing 12 samples 

per setting. Data were collected at the National Center for Small 

Angle Scattering Research (NCSASR) at the Oak Ridge National Lab­

oratory. A 10-meter SAXS Fig. 3.4.A camera which utilized 1.54A 

copper radiation from a rotating anode x-ray generator was operated 

at 35K and 30mA. The 10-meter camera also utilizes a PG crystal mono-

chromator, pinhole collimation, and two-dimensional position sensi-

tive proportional counter (electronic resolution 0.1 x O.l/cm). Data 

from both the Guinier and Porod regions, were easily obtained be-

cause the SAXS camera was designed so that the focal spot-to-sample 

and sample-to-detector distances can each be varied in 0.5m incre­

ments up to and including S.Om. This allowed a system resolution in 

the range 0.4 to 4.0 millirads. The beam size at the specimen was 0.1 

by 1.0cm (fixed). The K range covered 3 x 10-3 ~ K ~ 0.03nm-1 (Cu Ka). 

The maximum flux at the sample is 106 photons/sec on sample-irradi-

2 ated area of 0.1 x O.lcm. (45KV and 100mA). The background on the 

detector can account for up to 45 cps electronic noise distributed 

uniformly over the detector and the parasitic slit edge scattering 

typically was 20 to 160 cps, depending on the sample to detector 

distance, beam stop size and other factors. The experiments were done 
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at room temperature (about 21°C), under vacuum. The data were re-

corded in the memory of a minicomputer which had built-in program 

routines for automatic background and detector sensitivity correc-

tions. For more details, see the NCSASR USERS Guide, [165J. The 

procedure for the reduction of the raw data before analysis is dis­

cussed in Section 3.4.4, and a schematic diagram of the relative 

positions of the detector, sample chamber, slits and source is shown 

in Fig. 3.4.B. 

3.4.2 MEASUREMENT OF SAMPLE TRANSMISSION 

The first set of data to be collected is that of the inci-

dent beam using the Special Carbon Black Standard,* 10 = Icarbon' with 

no sample in the beam. The x-ray generator voltage and current are set 

to 20KV and lOrnA respectively. Intensity is measured for a period of 

about 100 seconds. Secondly, the samples are placed in front of the 

monochromator slit in the beam near the x-ray source, and the intensity 

measured, Icsam ' for the same period. The x-rays are now switched off 

and the background intensity called the dark current, Idc ' is measured 

over the same period of time. 

For weakly scattering systems, the transmission is given by: 

(28) 

*Special Carbon Black Standard - material was impregnated with 

polyethylene. 



39 

The Carbon Black Standard is now removed from the beam (computer con-

trolled) and the intensity re-measured for the sample alone, I . If sam 

Isam > 0.10 x Icarbon' (as is the case for Carbon Black), the transmis-

sion must be re-calculated using: 

Icsam - Tcarbon* Isam 

Icarbon 

where Tcarbon = 0.50 

3.4.3 INSTRUMENTAL DATA 

(29) 

During data collection there are unavoidable contributions 

to the detector counts from cosmic radiation, parasitic scattering 

from collimation slits, and non-uniform efficiency of the detector. 

To correct for these, the following measurements are made: First, the 

background intensities of the "dark current" and "empty beam" are ob-

tained. The "dark current" intensity, Idc , is obtained with the x­

rays off, and intensity collected for between 100 - 300 seconds. The 

"empty beam" intensity, Imt , is obtained with the x-rays on, the car­

bon standard and the sample out of the beam, and intensity collected 

for the same time as above. If data is to be collected from a liquid 

or powder, the empty sample cell is used instead. The sensitivity in­

tensity, Isens is obtained using a radioactive isotope (Fe-55) in 

the sample chamber, with the x-rays off, and counting for longer times 

to improve statistical accuracy. 
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3.4.4 REDUCTION OF RAW DATA 

The experimentally obtained data must be corrected for "dark 

current'l and "empty beam" and then for the sensitivity variation of the 

detector. The empty beam is also corrected for dark current, and the 

sensitivity is corrected for empty beam and dark current, before both 

are used to correct the raw data from the samples. 

The appropriate equation used to arrive at the corrected 

intensity, Isamc' is given by: 

Isamc = [Isam x I*sam] + Idc + [Tsam*(Imt - Idc )] (30) 

and 

I*sam = [ Is*1000/MONs - (Idc*1000/MONs)*(ts/tdc)]*1/Isens __ 

where 

Is 

Idc 

I mt 
T s 

Te 

. MONs 

- Ts/Te (Imtx1000/MONmt)-Idc*1000/MONmt*tmt/Tdc ]*l/Isens 

(30A) 

= intensity from sample 

= intensity for the dark current (nrr x-rays). 

= intensity for no specimen (x-rays are on). 

= transmission factor for the sample. 

= transmi ss i on for empty beam (taken as one). 

= monitor counts for the sample • 

MONmt = monitor 'counts for the empty beam. 

MON DC = monitor counts for dark current. 

ts = time for sample data collection. 

tmt = time for empty beam data collection. 

tdc = time fbr dark current data collection. 

and MONITOR counts are used for normalizing all the data for 1000. 
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3.5 NEUTRON CROSS-SECTION 

The measurements of the total cross-sections of the GLC samples at 

four HTTs and one HOPG sample (no heat treatment) were carried out at 

the National Bureau of Stan~ards (NBS) and also at the materials Sci­

ence and Technology Division of Argonne National Laboratory (ANL). 

Neutron energy of about 300MeV was used for both sets of samples. At 

this energy, carbon has a total cross section of 5.5 barns and for hy­

drogen, it is 25 barns. Since the diffractometer is not calibrated in 

an absolute sense, the cross section was compared to a known standard 

in order to interpret them.: It was assumed that the highly Oriented 

P yro 1 yt i c Gr aph ite (HOPG) sampl e was pure carbon (nC = 0) and hence 

used as the standard. 
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4. EXPERIMENTAL RESULTS 

4.1 X-RAY OIFFRACTION PROFILES 

4.1.1 RAW DATA 

Figure 4.1.A shows the uncorrected Wide Angle X-Ray dif­

fraction (WAXD) intensity profiles from a GLC sample heat-treated 

at l~OO°C (GLC1800). It was fou~d that the uncorrected pattern of 

GLC1800-0(i.e., a hours) was indistinguishable from those taken at 4. 

6. from those taken at 4. 6, 9, 15, 24, 48. 72, 96 and 100 hours, that 

is. no change in structure discernible at this HTT for all times. Hence 

Fig. 4.1.A is representative for the HTT of 1800°C for all times up to 

100 hours. As is the case for, the 1800 sample, the patterns for each 

of the temperatures 1600, 1400. ll00 and 1000°C were indistinguishable 

as a function of HTt up to 156 hrs, but each HTT was distinguishable 

from the others. These non-kinetic changes have been reported by the 

author [42] at the 16th Biennial Carbon conference. and~as far as this 

author knows. such behaviour below 1800 has not been reported pre­

viously. 

When the HTT is increased, there is a narrowing of the 002 profiles 

and a shift in the peak position towards higher angles (fig. 4.1.8). 

This is consistent with simultaneous IIcrystallite li growth and strain 

relief. There is even more profile narrowing for changes in HTT start­

ing at 2000°C as is easily seen from comparing the width at the half 

maximum positions of the two profiles. Comparison of fig. 4.LC (i) 
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and (ii) for 2200°C shows that t~ere is a kinetic factor at this HTT. 

Table 4.1.A, column 3, shows an increase in the 29 position and 

correspondingly, a decrease in d002 ' (see column 4),for the 002 peak 

between 1200 and 1800°C for the raw data. However, this change is 

only apparent and is evident when we look at the corrected 

29 positions in column 5. There are some 29 changes from 2000°C and 

up for both HTT and HTt but these changes are small, and do not in 

fact attain the expected turbostratic value of 3.44 A for d002 . 

All the samples exhibit similar strong SAXS (seen in fig. 4.1.A) 

in the low angle region (that is below about 10°29). Figure 4.1.8 

shows that it decreases with increasing HTT and fig. 4.1C shows that 

it decreases with increasing HTt. A decrease in the SAXS contribution 

to the 002 peak is reflected in the change with both HTT and HTt in 

the Porod Slope (Col. 7, Table 4.1.A) from n = - 2.7 at 1200° to -3.6 

at 2600°C. 

The incoherent background scattering from the material (associ­

ated with carbon in the x-ray case) is seen to increase with scatter­

ing angle. This is shown here for 1200°C and 2600°C heat-treated sam­

ples (fig. 4.1.0). Results showing that measurements of incoherent 

scattering made directly on the GLC sample are essentially the same as 

the values obtained indirectly after measurements using pyrolytic 

graphite, are shown in figures 3.2.A and 3.2.8. Details of the 

experimental procedure and analysis are to be found in [71,137J and a 

summary in Appendix 01. 
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4.1.2 CORRECTED PROFILES 

The x-ray patterns were corrected for only the 002 reflec-

tions and figs. 4.1.E,F and G show the results of these corrections 

from GLC samples at HTTs 1200, 1800 and 2600°C. These figures illus-

trate that the line width decreases with increasing HTT, and the tabu-

lated data (Table 4.1.B) show that there is also a decrease with HTt. 

The 002 profiles were corrected up to and including the Lorentz Polari-

zation factor Lp and for the atomic scattering factor, f. Figure 4.1.H, 

which shows the totally corrected profile for GLC 2600°C~ was actually 
-

corrected for the polarization, and for the atomic scattering factor, 

f, but not for the Lorentz factor. This is because this latter factor 

is quite different for 001 and hk peaks [53,54,57J and each peak must 

be separated from the total profile before the appropriate Lorentz 

correction can be applied, [46J. 

4.1.2.1 INTERLAYER SPACINGS, d002 
Interlayer spacings for d002 obtained for the HTT range 

1200° to 2600°C are summarized in Table 4.1.A. For the lower tempera­

ture range (between 1200 and 1800°C) there is no change with tempera-

ture or time (within experimental error) as is illustrated in fig. 4.1.1. 

This is similar to results obtained by Saxena [47J, and the preliminary 

work done by Henry and Bragg [40J. These spaCings (0.347 ± 0.003nm) ap-

pear to be larger than the 0.340nm generally considered characteristic 

of turbostratic carbons at the onset of graphitization. At an above 

2200°C however, we see a decrease in the interlayer d-spacing not only 

with temperature but also with time. It is to be noted however that 
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the interlayer d-spacings for the thick samples such as GLC2000-6, 

GLC2000-72, GLC2200-0 and GLC2300-48 do not fit exactly on the plot, ex-

hibiting larger average values than expected. However, these results 

were determined using the 002 reflections and not from the higher angle 

reflections for which the accuracy is much higher. Thus it is con­

sidered that below 2000°C, the interlayer spacing in GLC is that of 

turbostratic carbon. 

4.1.2.2 INTERLAYER STACKING SIZE, Lc 

Line width (peak broadening) measurements and (interlayer) 

basal plane stacking, Lc (002 peak) are summarized in Table 4.1.B. 

The increase in Lc from 11.2A at 1200° to 24.6A at 2600°C can be in­

dicative of both crystal growth and strain decrease. The percentage 

difference between the raw data and corrected dat1 decreases from 21 

percent at 1400°C to 8 percent at 2600°C. The raw 002 peak for the 

1200°C sample was not sufficiently resolved (NSR) for a half maximum 

or even a three-quarter maximum of the peak to be determined. The 

figure 4.1.J shows that there are three regions of growth or strain 

relief: The first is a non-linear increase occurring between 1000 and 

about 1500°C; the second is the plateau-like region between 1500 and 

about 2000°C, and the third is the almost linear increase above 2000°C. 

Similar to the behaviour shown for the d-spacings, the interlayer 

stacking sizes for 2000-6, 2200-0, 2200-72 and 2300-48 are smaller 

than expected and do not fit exactly on the plot of Lc vs HTT. 

These samples are about twice the thickness of the other samples. It 

was further found that at and about 1800°C, Lc did not change with 

HTt, but above 2000°C, there were changes with both HTT and HTt. 
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4.2 NEUTRON DIFFRACTION PROFILES 

4.2.1 RAW DATA 

The uncorrected wide angle neutron diffraction (WAND) 

profiles for six GLC samples heat-treated at 1000°C for 24 hours 

(1000 -24), 1000-64, 1200-150, 1BOO-100, 2200-36, and 2600-4 are shown 

in figs. 4.1.K and 4.1.L. The features are the same as those found 

for x-rays except in two important aspects: (i) the neutron dif-

fraction profiles provide more data in that the (10), (11), (20), and , 

(21) bands are observed (compared to only the (10) and (ll) for 

x-rays) using the CuK radiation, (ii) the backgrounds for the 
a 

neutron profiles are much higher than those from x-ray profiles of the 

same sample. There is also considerable decrease in background with 

increasing temperature (fig. 4.1.L) and time (fig. 4.l.K). The su-

perimposable nature of profiles from samples heat-treated at the same 

temperature up to lBOO°C is illustrated for GLClOOa (fig. 4.1.K (i) and 

(ii). The difference in the background is seen at large Q(= 4~/sine/A). 

The narrowing of the profiles and the increase in resolvable peaks (004 

and 20) with increasing HTT is also seen (fig •. 4.l.L). These low tern-

perature non-kinetic changes in the neutron data were also reported by 

the author [42J at the 16th Biennial Carbon Conference. Table 4.2.A 

shows the expected increase in 2e and decrease in d002 with increas­

ing HTT. Here also, the expected graphitic value of 0.335nm for d002 
is not attained even for the highest HTT (2600°C). It is to be no-

ticed however that the interlayer spacing value obtained from d004 

,. 
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is lower. The narrowing of the profiles is reflected in the increase 

in all the "crystallite" size parameters (Table 4.2.b) with increasing 

HTT from 8.1A to 20.9A for L002 ' from 19.5A to 22.2A for L004 ' from 

21.1A to 38.3A for L10 and 17.3A to 28.0A for L11 . 

The same small angle scattering features are also exhibited here, 

and the incoherent background (associated with hydrogen in the neutron 

neutron case) was expected and assumed to be constant with increasing 

angle since the scattering is isotropic. 

4.2.2 CORRECTED DATA 

The entire profile corrected only for SANS and background, 

for reasons explained earlier (Section 2.1.3) are shown in fig. 4.1.M 

to 4.1.P for HTTs of 1200, 1800, 2200 and 2600°C. The sharpening of 

the profiles is evidenced in the decrease of the width at half maximum 

with increasing HTT, and also in the increase in separation of the 

overlapping (004) from the (10) peak. This is also true also for the 

(11) and (20) peaks. The large decrease in background with increasing 

HTT is shown for the 1000 and 2500°C samples (fig. 4.1.Q), and with 

HTt is shown for the 1000°C sample (fig. 4.1.K). These profiles were 

corrected only for the small angle scattering. 

4.2.3 "PEEL OFF" ANALYSIS 

Four samples 1200, 1800, 2200 were corrected as described 

in Section 2.1.3 then each peak "peeled off" from the full profile 

(described in Section 2.1.4). The results of the "peel off" analysis 
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for the 1200 and 2600 samples are seen in fig. 4.1.R and 4.1.S. The 

002 and 004 peaks exhibit the expected symmetrical shape, and the 

increase in profile sharpness with increase in HTT is no surprise, 

neither is the sharp falloff to zero intensity on the lower angle 

side of the 10, 11 and 20 minimum positions. The fact that the tails 

of these latter bands extend out to very large scattering vectors has 

been discussed and is expected. What is new here is the success of 

the "Peel Off" analysis as it applies to the GLC disordered 

structure. Such analysis has not been reported previously. 

Interlayer spacings and line widths obtained from the above anal­

ysis are summarized in Tables 4.2A and 4.2B respectively. The ex-

pected decrease in the d-spacings is observed and it is seen that the 

expected turbostratic Jalue of 3.44A for d002 is attained even for 

our lowest HTT of 1200QC. The fact that d004 produces values' which 

are lower than d002 for the interlayer spacing cannot be over-empha­

sized, and similar results have been obtained by Karamura and Bragg [141J 

in their studies on Pyro Carbon and Pitch Coke [155J. What is also ob­

served (Table 4.2.8) is that the LA values of 28.2 to 50.0A (layer 

diameter sizes) are not much larger than the LC values (layer stacking 

size) of 15.5A to 22.0A. However the graphitic d-parameters are not 

obtained even at the HIT of 2600
Q

C. In fact, not even the turbostratic 

parameter of 3.40A is attained. What is attained however are the large 

changes in the parameters after the "peel off" analysis. The positive 

slopes of the size-strain graph (fig. 4.1.T) where B1/2cosa is plotted 

vs (h2 
+ hk + k2) is an indication of the amount of strain present in 
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the L parameters for the hk bands. The "peeled" off data for (004) and 

(20) could not be compared with the corrected data because the profiles 

were not sufficiently resolved (NSR) to be analysed. For the same rea­

son the (20) peaks could not be used in the analysis for strain (slope) 

decrease with increasing HTT (fig. 4.1.S). The results (Table 4.2.B) 

show that 44 to 53 percent of the size parameter LA is present as 

strain in the (11) peak, and 22 to 28 percent for the (10) peak. 

These results from GLC, and similar ones obtained on Pyro Carbon are 

the subject of two abstracts by Henry and Bragg, [154J and Karamura 

and Bragg [155J submitted to the 37th Pacific Coast Regional Meeting 

of the American Ceramic Society (1984). 
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4.3 RATIO OF HYDROGEN ATOMS TO CARBON ATOMS, nh/nc 

The cross section per unit per mass aIm for the various samples 

decreased with increasing HTT, but increased with increasing back-

ground. These results are tabulated (Table 4.3). The trend is to be 

expected since the total cross section is used to determine the spec­

ies content; in our case hydrogen. The HOPG, sample is ~aken as the 

standard, (STD) i.e., nc = 0, from which nh'nc for the other samples 

were obtained. Similar heat-treated (Ht'd) samples were sent to NBS, 

but the times were different. The above HOPG standard and alms values 

were, used to calculate nh/nc for these samples. The differences for 

the different times at any temperature were at least three orders of 

magnitude less than the difference between temperatures. These re­

sults indicate that the amount of hydrogen present in the GLC sam-

ples decreases with increasing HTT and HTt. These results also follow 

the same trend as the residual hydrogen found in carbons and graphites 

by Meyer et al. [132J over the temperature range 800 to 3000°C, by 

Mehrotra et ale [132J over the range 1000-2600°C, Redmond et al. [135J 

over the range 200-2000°C and Anderson et ale [136J. 

.. 
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4.4 SMALL ANGLE X-RAY SCATTERING 

4.4.1 POROD PLOTS 

Figure 4.4A is a demonstration of ' the symmetry of SAXS from 

GLC. The data represents a computer printout of the 2-dimensional SAXS 

data using position sensitive detectors. The connected curves are iso­

intensity contours which are circular and show that the scattering is 

approximately isotropic, i.e. of circular cross-section on the average. 

Similar results were found for PG specimens cut parallel to the dispo­

sition surface by Bose et ale [48,68,125,138,139]. Their data showed 

that for PG the scattering (perpendicular to the layer planes) is 

approximately isotropic (fig. 17, p. 63 of Bose's Ph.D. Thesis [48]. 

Figure 4.4.B shows the Porod scattering curves of lnI vs. ln h 

for GLC samples heat-treated between 1000°C and 1800°C. At each tem­

perature the curves represent HTt of 0, 4, 8, 16, 25, 36, 72, 96 and 

128 hours, that is, the curves for all times at anyone temperature 

were all superimposable. This indicates that there were no changes 

with HTt at each HTT. At 2000°C and above however there are changes 

with both HTT and HTt. The changes in HTt are shown for GLC 2200 

(fig.4.4.C). The Porod slopes were found to lie between -3.0-and 

-4.0. The greater than -4.0 obtained, although a point collimated 

system was used, is shown to be due to the density fluctuation within 

the matrix of the carbon system: This will be dealt with in more 

detail in Sections 4.4.4 to 4.4.6. 
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4.4.2 GUINIER RADIUS OF GYRATION (Rg) PLOTS 

Guinier Plots (In I vs. h2), are shown in fig. 4.4.D for 

the HTT of 2200°C and times of 0, 6, 15 and 48 hours respectively. 

These plots are as expected. The slopes increase non-linearly with 

increasing HTt above 2000°C i.e. the pores in the material are coarsen­

ing. The results of the average radius of gyration, Rg, calculated 

from the sJnpes of these plots can be found in Tables 4.4.A to 4.4.0. 

They show that. at 2000°C and above, R increases linearly with both 
g 

HTT and HTt but below 2000°C, there are no changes (fig. 4.4.E). This 

suggests that below 2000°C there is non-kinetic growth, and at 2000°C 

and above, both non-kinetic and kinetic (but mainly kinetic) growth 

occurs. Very little attehtion has been paid to the non-kinetic growth 

region previous to this study, but the results are in agreement with 

non-k inet ic changes in d002 ' the dimens i ona 1 1 eflgth, Lc (reported 

in other section of this thesis) and preliminary investigations of the 

surface per volume. 

The linear relationship between the cube of the average radius of 

gyration (R)3 and HTt at each HTI is shown in fig. 4.4.F. Here again g 

the same behaviour is seen: No change with HTt below 2000°C, but start-

ing at 2000°C and above, the~e are large increases with HTt. Below 

2000°C, the average radius of gyration at each HTI becomes the value at 

zero time (Rg ), [see Table 4.4.P], and the values range from 9.OOA to 

14.56A at IBOO°C. The value at 1000°C is used a5 the standard and the 

initial value, R . Above 2000°C each slope was extrapolated to the go 
~ero time value. The values ranged from 14.6BA at 2000°C to 23.67A at 
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2800°C. The change in R from 1000 to 1800°C (800°C difference) is 
g 

5.56A, but the change from 2000° to 2800°C (also a 800°C difference) is 

8.9A. This shows a larger growth for the higher heat treatment temper-

atures. 

4.4.3 ARRHENIUS PLOT 

The following procedure for data reduction is necessary to ar­

rive at the activation energy associated with the pore coarsening. The 

slopes, K(D) (Table 4.4.Q) of the linear relationships between the cube of 

the average radius of gyration, (Rg)3 and the HTt at each HTT (fig. 

4.4.F) are multiplied by the corresponding Kelvin temperature. The log 

(base e) of the modified parameter [T (R g)3 - T (R g )3 J is then plot-

ted against reciprocal Kelvin temperature [fig. 4.4.GJ. An activation 

energy of 6H = 76 * 4 kcal/mole was obtained from the plot. This agrees, 

within experimental error, with the theoretical value of 71.4 kcal/mole 

obtained by Diennes [104J and lies well within the experimental range of 

58 to 90 kcal/mole obtained by many investigators [112-119J. The pres­

ent value however is higher than that [64 * 10 kcal/moleJ obtained by 

Bose et al. [48,91J from specific surface area data from similar glass-

like carbons. 

4.4.4 POROD ASYMPTOTIC PLOTS 

Raw and corrected plots [h4I(h) vs. h2J for GLC 1800-100 and 

GLC 2200-60 samples are shown in fig. 4.4.H. All of the uncorrected 

data up to 2500°C show positive slopes at large scattering vectors, h 

instead of zero slopes. The zero slope is representative of the well 



54 

known Porod Asymptotic Law at high scattering vectors h~ and the possi­

tive deviations are a result of density fluctuations within the materi­

al. Figure 4.4.H shows the decrease in positive slope value as the HIT 

is increased, and illustrates that the zero slope is obtained at large 

h when the corrections are applied. When corrected (fig. 4.4.H) the 

plots are used to determine the Porod Asymptote, i.e. Kp = [lim h4I(h)], 

and hence the surface area per volume of the pore-matrix interface. The 

results show that Kp increased from 0.585 (cpsfA4) at 1200°C to 0.725 at 

2600°C. The fact that the plots do not show any distinct peak maximum 

in the low scattering vector region is region is indirect proof that 

the pores in the material are not spherical. This is illustrated in 

fig. 4.4.1 for the whole temperature of 1200 to 2600°C. 

4.4.5 POROD INVARIANT CURVES 

The surface area is obtained from a combination of the inte­

grated intensity plot (of h2I(h) versus h) called the Porod Invariant, 

Qp' and the Porod Asymptote, Kp .. The latter was discussed in the previ­

ous Section 4.4.4. The Porod Invariant is shown to increase with in-

creasing heat-treatment temperature (HTT) , with the profile becoming 

sharper, and the maximum shifting towards lower scatterihg vectors. 

Examples of the Porod Invariant are shown in fig. 4.4.J for GLC 1800 

and 2200~C samples where Q = 2.44 and 6.68 (cpsfA3) respectively. Oe-. p 

tails of the analysis for the specific surface i.e. the surface per vol-
2 3 2 3 0 ume which ranged from 1104 m fcm for 1200 to 513 m fcm for 2600 C 

were discussed in Section 2.2.5. 
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4.4.6 PORE SHAPE CURVES 

Figure 4.4.K shows how the intensity h4R~I(hRg) for oblate 

ellipsoids [v(=b/a) ~ 1.0J changes with the dimensionless scattering 

vector hR for v = 0.35 to v = 0.10. It is to be noted that there 
9 

is no peak or maximum in the curve; such a peak would have indicated 

that the material contained strictly spherical and smooth particles 

(Tchoubar and Merinq, [164J). Superimposed on these plots are the 

experimental data curves for GLC-1200, 2200 and 2600°C. These curves 

for GLC all lie between the curves for v = 0.25 and 0.30 indicating or 

suggesting that there is not much change, if any, in shape between 

1200 and 2600°C. This is consistent with the results obtained by Bose 

et ale [48J for particles with sharp edges and corners. 

4.5 R, R ,R i AND Lo RELATIONSHIPS WITH BULK DIMENSIONAL CHANGES 
~~ ----~~--------------------------------------

The non-kinetic changes in the average radius of gyration, 

R (=R - R .) as a function of HTT shows a non-linear behaviour up go go g01 
to 2000°C (fig. 4.5.A), but becomes linear above 2000°C and up to 2900°C. 

Here R is the average value at HTt = 0 hours for any temperature above go 
the processing temperature and R . is the average value for the pro­g01 
cessing temperature (1000°C in this case). The relative R changes g 

(6R /R .) as a function of HTT (fig. 4.5.B) are also non-linear below go g1 

2000°C and follows the same behaviour as that of the relative dimensional 

changes (610/10i) as shown in the same fig. 4.5.B. The data for the 

dimensional changes were taken from Mehrotra's Ph.D. Thesis [183J, and· 

plotted in this way so as to compare the results with the pore size data. 
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When the relativ~ dimensional changes are plotted against the relative 

pore size changes, we see three distinct regions (fig. 4.5.R): A sharp 

initial non-linear increase, a plateau-like region, and a final linear 

increase above 2000°C. This same three-region behaviour is seen in the 

graphs which show the changes in pore size and dimension with HTT. What 

is even more striking is the plot (fig. 4.5.S) of the ratio of the rela-

tive changes in Rg t~ the relative dimenSional changes, 1. The ratio is 

seen to decrease non-linearly with increasing HTT up to about 2000°C,then 

becomes flat (no change) out to 2600°C. Overall the plots exhibit the same 

three-regions behaviour indicating that more than one mechanism is respons­

ible for the structural evolution of the pores between 1000 and 2600°C. 
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5. DISCUSSION OF RESULTS 

5.1 NEUTRON BACKGROUND AND H/C 

As noted in Table 4.3 we have shown that the amount of hydrogen in 

glass-like carbons (GLCs) decreases with increasing heat treatment 

temperature (HTT) and time (HTt). These results are similar to those 

found for other carbons and graphites (but using different methods) by 

previous investigators [132-136J. In the same way, it is shown that 

the strong background from the Wide Range Neutron Diffraction (WRNO) 

. data decreased with increasing HTT and HTt (Table 4.3). Analysis of 

the neutron cross-section data indicated that this strong background 

can only be coming from hydrogen, and must therefore be regarded as 

incoherent scattering. To this erd we must recall that the neutron 

cross-section for hydrogen is about 170 times that of carbon. These 

results can be related to density and weight loss results of Mehrotra 

et al., [134J. This weight loss increase has been suggested to be due 

to the release of hydrogen and they showed that most of the weight 

loss occurred below 2000°C. These authors also studied the kinetics 

of the weight loss and found it to be consistent with the diffusion of 

hydrogen. Similar results have been reported by Causey et al. [140J, 

for measurements from pyrolytic carbon. The latter authors suggested 

that because the activation energy for the diffusion is so high 

( 100 kcal/mole) then the diffusion must be controlled by chemical 

bonding between the hydrogen and the carbon atoms. The negative heat 

of solution obtained from solubility results is clear indication that 
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dissolving the hydrogen in PVC is an exothermic process and therefore 

implies chemical bonding. It is not difficult then to conclude that 

the increased weight loss with increasing HTT directly reflects the 

loss of hydrogen and therefore a decrease in the incoherent background 

scattering with increasingHTT. 

5.2 LATTICE AND INTERLAYER d-SPACINGS 

The analysis of the crystalline (001) reflections shows that the 

inter1ayer spacings (d002 anddOQ4 ) do not. change in the temperature 

range 1000 to 1800°C even after extremely long times (156 hours). 

These non-kinetic changes have been associated with the presence of 

hydrogen by Noda and Kato [153] and others [134 J. At2pbO°C and above 

however, there is a sudden decrease in these d-spaci ngs not an 1 y with 

HTT but also with HTt. It has been further suggested that ~he sudden 

decrease in hydrogen loss at this temperature is responsible for the 

beginning of graphitization in turbostratic carbons (Meyer et al. [132J). 

The analysis done for this investigation alsQ shows larger d(002) values 

than is expected for turbostratic carbons, and confirms the earlier work 

done by this author (Henry and Bragg, [40,41J) on two GLC samples heat­

treated at 1000 and 2700°C for 1 and 2 hours respectively. However, the 

"corrected" d(004) values are not only much smaller but agree with re-

su1ts which show that the graphitization has begun. The fact that 

higher order reflections should produce better lattice parameters is 

to be expected and have been demonstrated by Karamura and Bragg [41J in 

their experiments using Pyrocarbon (PYC) which had been heat treated in 

the range 1000 to 2600°C and up to 32 hours. It is to be noted also 
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that the interlayer d-spacings for the thick samples such as GLC2000-6, 

GLC2000-72, GLC2200-0 and GLC2300-48 did not fit exactly on the plot 

(fig. 4.1.1), exhibiting larger average values than expected. This same 

behaviour was found in the pore size J "crystallite ll size, and density 

measurements. For the latter, both thin and thick samples were heat­

treated for the same time, then the densities measured. Firstly, the 

average densities of the thick samples were much larger than those of 

the thin samples, and much larger than the experimental error. Sec­

ondly, some of the thick were then cut in two and others were thinned. 

The densities of the cut pieces were different from that of the original 

and different from the thin and thinned samples, and all differences 

were much larger than experimental error. This same behaviour has been 

reported by Fischbach et al [147J and Nadeau [148~149J in their density 

studies of several ·GLC materials. They showed specifically that the 

density of the surface layer was larger than the interior. It is sug­

gested that the temperature difference (gradient) between the inside 

and the outside of the sample prevented uniform structural rearrange­

ment across the thickness of the sample. 

5.3 "PARTICLE SIZEII FROM PEAK BREADTH AT HALF MAXIMUM 

The decrease in 002 line width (corresponding to increase in lay­

er size) with increasing HTT for the temperature range 1000 to 2000°C 

(Table 4.1.B) is expected. The fact that there is no change with HTt 

in this range has been reported previously (Henry and Bragg, [42J). 

These changes then are non-kinetic. For the X-ray data, the higher 

order 004 peak was not sufficiently resolved even after correction (for 
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the 2600°C) for a calculation of the peak breadth to be useful without 

a "peel off" analysis. For the neutron data however, analysis after 

"peel offll showed that the 1 ine width for both the 001 and hk reflec­

tions decreased with increasing HTT. The corrected (extrapolated) lay­

er diameter, La' which had values ranging from 47.1A to 64.1A, in the 

temperature range 1200-2600°C are larger (as expected) than the layer 

height, Lt with range 1s.sA to 22.oA .. This shows that layer diameter 

growth is greater (I7.oA increase) than the increase of 6.sA in layer 

stacking. It must be noted here that although the L20 peak data did 

not fit on same straight line (fig. 4.1.T) as the data from the L10 
and Ll1 peaks, the growth is about the same, that is, 1.44nm. It 

must be noted further that the latter parameters are associated with 

defect free d:stances in the material. This is because the concept of 

particle size has very doubtful meaning for this GLC material whose 

structure is polymeric. Because the material is made by carbonizing a 

thermosetting resin, there are no grain boundaries as we would find in 

a polycrystalline material. 

." 

S.4 STRAIN AND STRESS RELIEF 

Analysis after IIpeel off" '(Table 4.2.b) showed that 43 to 53 

percent of the broadening in the size parameter, La is present as 

strain in the (11) peak and 22 to 2S in the (10) peak, that is, the 

strain decreased with decreasing reflection order. The percentage dif­

ference in strain decreased with increasing HTT (Table 4.2.b) from 28 

to 22 for the (10), and S3 to 44 for the (11) and is smaller than the 

percentage decrease (100 percent in both cases) from (10) to (11), that 
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is,with increasing order of reflection. It is seen then that calcula-

tions using broadening for "crystallite" size analysis with the non-

availability of a few orders of reflection can be quite incorrect. 

Similar results have been obtained by Kawamura and Bragg [141J in their 

studies of the 001 changes in the less disordered carbons (soft) in the 

temperature range of 2300 to 2600°C. Their data included time-depend-

ent temperature changes. Their time dependent analysis showed that 

only the 2600°C samples showed an immediate decrease of strain (slope 

of the plot of SCCOSBc versus 12) from 0 to 10 hours. For the temper-

atures 2500, 2400 and 2300°C however, they reported an initial increase 

in the slope (strain) from 0 up to 32 hours for the 2300°C, 0 to 8 

hours for the 2400°C and 0 to 2 hours for the 2500°C samples. There-

·· ...• after, the slope (strain) decreased. The indication here is that for 
; , 0 

temperatures below 2600 C there is an initial increase in strain for a 

small time, then at some later time, the strain is relieved. 

Their data also shows that the 2300 and 2400°C samples all had the 

same extrapolated BCCOSB value for all times (i.e. Bccose = 0.0125), 

hence Lc [=k A/BccosecJ is approximately 110 A (= 11nm). This indicates 

no change with time for these two temperatures for the interlayer stack­

ing height. The particle sizes increased with time starting at 3 hours 

for the 2500°C sample. These extensive results mirror the results ob-

tained by this author for the GLC samples where the Lc values from 

the x-ray data showed a plateau-like region in the temperature range 

1800 - 2200°C (Table 4.1.B) and an increase at higher temperatures. 

However, no such region is seen for the L changes. It is seen then a 

that the layer diameter grows at a much faster rate than the interlayer 
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~~tacking. It tan be concluded that extensive time analysis should be done 

at each temperature before any definite conclusions can be drawn about the 

growth of the layers. 

The fact that the broadening from the (20) band does not lie on the 

straight l.ine plot" for temperatures up to 2600°C can be partially explained. 

The background contribution to the peak in this region is extremely high. 

In addition, the 001 and hk peaks appear so close that there is considerable 

overlapping. Thus the 20 band line profile is likely to suffer from over re-

moval of background. 

5.5 . SPECIFIC SURFACE AREA (S/V) ANALYSIS 

The decrease in the specific surface area, Sp (= S/V, the surface per 

volume) for four GLC sampl~s heat treated at 1200, 1800, 2200, and 2600°C, 

from 1066 to 513m2/cm3 is expected. This fundamental quantity is relatively 

independent of any size distribution and of the shape of the pores (Bose 

and Bragg [50J. This decreas~ in Sp ties in well with the increase in Rg (9 

to 23A) over the sa~e temperature range, and shows that the smaller parti­

cles are the largest contributors to the specific pore surface value in the 

material. Alhough the decrea~e in ~p is nothing new~ the values obtained 

are much larger than values from:adsorption methods where the latter shows~ 

very little decrease in the spedfic surface with HTT. This confirms that 

the pores in GLC are closed to gas penetration. What is new here however 

is the fact that the intensity data has to be corrected for the density 

fluctuations [29-32J within the matrix before any analysis can be made. 

This is certainly true for the Sp calculation because the latter depends 

on the use of the data at larger angles where as the density fluctuations 
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contribution is almost 100 percent at the very small angles (Guinier 

region); however, this contribution is so small as to be totally neg­

ligible. This is illustrated in the Asymptotic and Invariant Plots 

(figs. 4.4.H and J) shown for the 1200 1800, 2200 and 2600°C samples. 

5.6 PORE SHAPE ANALYSIS 

When the theoretical curves for ellipsoids of revolution were fitted 

to the experimental results from the GLC samples, it was found that the 

pores in the samples can be approximated using the oblate ellipsoidal 

shape where the aspect ratio is less than one. Further evidence of the 

pore shape in GLC can be inferred from results from other carbons and 

GLCs reported by many investigators [2~34~38,47,142-145J using Trans­

mission Electron Microscopy (TEM). Therlarrow range found fnr the as­

pect ratio (0.25 to 0.31) for the HTT range:1200 to 2600° is evidence 

that although the pore size (R ) increased 155 percent (9A to 23A) and g 

the specific surface area, S or surface area per unit volume, decreased p 

60 percent (1104 to 513m2/cm3), there is little or no change in the shape 

of the ellipsoidal pores. This is to be expected because in the first 

place, the pores are assumed to be bounded by the layer planes. These 

planes have been shown to grow faster in the a-direction than in the 

c-direction. This is similar to the results found by Bragg et al. [49J 

for pyrolytic graphite. Preliminary experiments have also shown that 

all rotations of the specimens give results identical to those of the 

curves in fig. 4.4.A. This indicates that the inhomogeneity regions 

or pores causing the small angle scattering (SAS) are randomly oriented. 
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5.7 PORE SIZE ANALYSIS 

The non-kinetic change in the pore size (as represented by the 
,< 

radius "of gyration parameter, Rg) has not been reported previously 

so far as the author knows. There is change however with increasing 

HTT. This constancy in size with time at each HTT in the temperature 

range 1000 to 1800°C can be related to the gas pressure mechanismob­

served by Mehrotra and Bragg [134J. The latter investigators reported 

that the mechanism is responsible for the volume expansion up to 1800°C. 

They further argued that abo~e 1800°C the thermal stress mechanism is 

predomi nant. Hence we see pore size increases with both HTT and HTt, 

with the change being very abrupt at about 2000°C. This is reflected 

in the change in ""i R (difference between .the initial value (t = 0 hrs.) 
g 

at each HTT and the initial value for the processing temperature which 

is approximately 1000°Cin most cases} with increasing HTT (fig. 4.5.A). 

These changes are seen to be non-linear below 2000°C, and linear above 

2000°C. Bulk dimensional changes show the same behaviour, and since 

it has been shown [143J that the dimensional changes are isotropic on 

a macroscopic basis, these can be related to the pore size. Since 

very little or no more hydrogen is released at each of these low tern-·· 

peratures no matter how long the time, this is further evidence for 

the gas pressure mechanism. In this region, increase in temperature 

increases the gas pressure, hence size increases due to the volume ex-

pansion only. 
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5.B PORE COARSENING ANALYSIS 

The coarsening of the pores with HTt and HTT of 1BOO° (fig. 4.4.F) 

can be associated not only with the gas pressure mechanism, but also 

to the added irreversible thermal expansion factor [134J. Although 

the analysis did not include time data, it is easy to see (fig. 5.B.A) 

that there are four distinct regions in their heating curves: (i) up 

to 1000°C, (ii) from 1000 to about 1400°C, (iii) from 1400°C to about 

1BOO°C, and (iv) above 1BOO°C. Their results are similar to the re­

sults obtained by Sutton et al. [151J and Coll ins et a1. [146J in 

their study on dimensional changes and expansion in carbons and 

graphite. These authors explained that the first region was the 

region of reversible expansion where the crystallite structure of car-

bon changes continuously and reverts to its original structure on cool-

ing. At and above the second stage, the heating causes irreversible 

changes in the expansion. They even reported shrinkage between 1300 

and 1600°C, and this coincides with the plateau-like region obtained 

for the changes in R between 1400 and 1BOO°C (fig. 4.5.A). The 
g 

underlying difference in this temperature range is that the added 

strains created during heating are not all rel ieved on cool ing of 

the material and these frozen-in strains remain until the material is 

heated up again to a higher temperature. In the third and fourth re-

9iOnS, there are sharp increases in slope and this indicates that there 

is an added factor above this temperature of about 1600°C. Since the 

weight loss [134] remains constant from IBOO°C and up, and the gas 

pressure decreases with HTT, then the added factor must be due to the 

stress on strain in the material (Mrosowski (152J. The decrease in 
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strain on cooling after each (mentioned earlier in Sec. 5.4) for these 
,->: 

GLCs provi'des added energy for the vacancy movement (migration) along 

the basal planes. The second source is the reduction in surface ener-

gy which allows carbons to migrate from the larger pores to the smaller 

pores. This is the same as vacancy migration from the small pores to 

the large pores, thus making the larger pores larger (pore growth). 

5.9 ACTIVATION ENERGY FROM VACANCY MIGRATION 

The activation energy of fl H = 76 :J: 4 kca1/mo1e obtained for 

the pore size changes in GLC with time at each HTT compares with the 

theoretical value for migration energy (71.4 kca1/mole) in graphite 

Diennes [104J. These are self diffusing vacancies migrating parallel 

to the layers (basal planes). Since the vJcancy formation energy of 

168 kcal/mo1e {Kanter, [106J and Thrower, [112] is much higher, then 

the value obtained during this work must be associated totally with 

the vacancy migration mechanism. This further confirms that the pore 

growth must have occurred by the migration of vacancies such that the 

larger pores grow at the expense of the smaller pores in the system. 

In this case the high concentration of structural defects acts as an 

excellent sink for the migrating vacancies. Based on the theory -

(Bragg et a 1 ., [49J that the pores occur at the "crysta 11 ite" bound-

aries in graphite, and therefore must occur in association with the 

"crystal 1 ites", it can be assumed that the same occurs for these GLCs. 

In the latter case however, the pores are bounded by highly strained 

tangled laths which release most of the energy (upon heat-treatment) 

required for the vacancies to move. This vacancy movement is made 
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easier because of the following concurrent process which Noda and 

Kato [153J observed when they heat-treated several carbon materials 

under very high pressure. These authors argued that during the dehy-

drogenation process, the carbon atoms which had been chemically bonded 

to the already released hydrogen, become relatively unstable, and are 

therefore easily displaced by an external force. This of course is 

the well known creep process or mechanism. In the studies being 

reported for this dissertation, the releases of stress with HTT be-

comes the "external" force, the creep rate increases with increasing 

HTT,and the pore coarsening will result because of the vacancy 

migration. 

5.10 IMPLICATIONS OF THE NON-KINETIC C~ANGES IN RAND d 
g 

The non-kinetic changes in the pore size, ~ R (= R ~ .) exhib-go go g1 
its the ~ame behaviour (fig. 4.5.A) as macroscopic dimensional length, 

~Lo (= L -L.) and the interlayer stacking height, L. The figure shows o 1 c 
three regions: the linear high temp. (>2000°C) region, the plateau-like 

between 1600. and 2000°C, and the initial non-linear increase from 1000 

to 1600°C. Below 1500°C where the gas pressure mechanism op~rate~ 

(Collins, [146J Mehrotra and Bragg, [134J and Fischbach [147J), the 

small change in pore size and expansion (length) is to be expected. 

It is suggested now that the plateau-like region represents a slowing 

down of the process or an actual contraction [146J, and a need to over­

come an energy barrier. The sudden increase in pore size above 2000°C 

implies overcoming this energy barrier. This same behaviour is seen 

not only for the non-kinetic length changes (fig. 4.5.A), but also for 
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the interlayer stacking height~ Lc. All this can be related to the 

sudden decrease in d(002} also at this temperature (see Sec. 5.2). All 

this readily conforms to Meyer et alls. [132J suggestion that the ex-
. ° pulsion of the last vestiges of hydrogen at about 2000 C is probably 

responsible for the beginning of graphitization in turbostratic car-

bons. 

The non-kinetic rate of increase of the pore size is also seen 

to be less than that of· the macroscopic length {fig. 4.5.A}, and this 

implies that the gas pressure and the anisotropic thermal stresses 

affect the macroscopic dimensional changes less so than they do the 

microscopic changes. These 'changes can be related to the very little 

extra weight loss after 200boC for these GLCs [134J and coincides with 

the conclusion that the gas pressure makes very little contribution at 

these higher temperatures (>2000°C). Since the (f002 spacing decreases 
. . ':" " . . 

in this temperature range; then the strain relief must be responsible 

for the increase in th~pore ~i2e~ and the increase in macroscopic 

length. Hence the heating o~GLC causes the relaxation of internal 

stresses in the lattice through plastic deformation which is accomo­

dated in the pores. This has been observed in fine-grained tantulum 

tungstates by Holcombe [150J and in vitreous carbons- and graphite by 

Sutton and Howard [151J~ 

Below 2000°C however~ there are two regions: The initial non-lin­

ear steep increase up to about 1500°C and the plateau-like area up to 

2000°C. In situ thermal expansion results [l34J (reproduced here for 

easy reference (fig. 5.B.A) also show four regions of heating, but 

only one for cooling; the latter resulting in a 3 percent permanent 
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expansion after cooling from 2700°C. The second region which corre­

sponds to the first region of the pore size plot (fig. 4.5.A) can be 

attributed to the result of the large release of hydrogen gas which 

is responsible for the stress generated in the pores. This is in 

accordance with the conclusion [134J .that below about 1500°C the 

density decrease and the strain relief can be explained by the gas 

pressure mechanism which is solely responsible for the volume ex­

pansion. Here the pore size increases are much larger than the di­

mensional increases, but there are no changes in the d002 spacing. 

The plateau-like regions (1500 to 2000°C) of·Mehrotra and 

Bragg's [134J thermal expansion curve must obviously represent a 

combination of the end of the gas pressure mechanism and the begin­

ning of the anisotropic thermal expansion contribution. A closer look 

at their linear expansion curve suggests that the region between 1500 

and 2000°C is different from that above 2000°C. The same plateau-like 

region is observed for the d002 data, the interlayer stacking size, and 

the relative dimensional data. The decreasing effects of the gas pres­

sure induced volume expansion and the very little straiifrom the an­

isotropic thermal expansion at this temperature rangea~e probably not 

enough to produce more than a slight increase in the pore size in this 

region. This is probably because most of the thermal expansion is 

recovered in this temperature region when the material is cooled for 

measurement. It can be concluded then that in this region there is 

not much overall strain relief and the change in parameters remains 

almost constant. 
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6. SUMMARY AND CONCLUSIONS 

~ .. ' 
··;'"t 

The structural evolution of-the pores in glass-like carbons has 

been studied and shown to be a.strong function of both heat-treat-

ment temperature and time. Small angle x-ray data was used to pro-

vide information about the size, growth, and shape of the pores. 

Thermally activated processes associated with the pore coarsening, 

only becomes effective above 2000°C. The experimental activation 

value of 76 ± 4 kcal/mole was determined from the Arrhenius plot 

of the changes in the radius of gyration, r as a function of 
g 

heat-treatment temperature, and based on the fact that the rate of 

coarsening is dependent on the cube root of the heat-treatment time 

(rate t 1/3). 

To confirm and correlate the structural evolution of the disor-

dered structure, wide angle diffraction data was used to provide in- . 

formation abput such parameters as interlayer and lattice spacings, ~ 

defect free distances (both perpendicular (Lc) and parallel (La) to 

the layer pl~nes), and strain broadening, Results of this study 

show that (i) prolonged heat-treatments at high temperatures is in~ 

sufficient to graphitize the glass-like carbons, that is, the d002 
reduction was only from O.344nm to O.340nm compared to 0.335nm for 

graphite; (ii) heating below about 2000°C causes a narrowing of the 

diffraction profiles, but the interlayer spacing d002 remains con­

stant at 0.344nm even after 156 hours. This same behaviour of no 

change with time, but changes with temperature is found for the pore 

sizes. 
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Wide Angle Neutron diffraction (WAND) data showed that more than 

80 percent of the broadening was due to strain. The neutron cross­

section studies were used to obtain the relative number of hydrogen 

atoms to carbon atoms. This data correlated well with the results of 

the background extrapolation from the WAND data and the hydrogen 

analysis done by Mehrotra and Bragg [134J, which showed that the 

hydrogen content decreases with increasing HTT. 

CONCLUSIONS drawn from the above analyses are the following: 

1. At temperatures below about 2000°C, there is no apparent time 

dependent structural change, that is, the changes are non-kinetic, 

and are most likely associated with the gas pressure mechanism. 

2. At temperatures at and above 2000°C, the activation energy for 

pore coarsening is 76 ± 4 kcal/mole. This agrees well with the 

theoretical vacancy migration energy of (71 kcal/mole) value. 

3. This activation energy is associated with vacancy migration 

parallel to the layer planes. The overall mechanism being that 

larger pores grow at the expense of smallei pores, and the struc­

tural changes are associated with the release of strain. 

4. The high background obtained from the neutron data is a consequence 

of the hydrogen present (though in small amounts) in the carbon ma­

teri a 1 • 

5. There are three regions of structural change and this can be ob­

tained from measurements made after heat-treatment in the tempera­

ture range 1000 - 2600°C. 
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(i) The first region represents a dramatic increase with temper­

ature in the geometric structural parameters. Here, 90 per­

cent of the hydrogen remaining after pyrolysis is removed. 

(ii) The second region, represented by the plateau, indicates that 

the structural rearrangement process is slowing down as the 

last vestiges of the gases are being removed. The gas pres­

sure mechanism becomes negligible in this region. Here the 

temperature range is about 1500 to 2000°C, and the interlayer 

parameters, Lc and dO 02 , the pore parameter, ~go/Rgi' and the 

dimensional parameter, 1 111 do not change. o -
.(iii) In the third region, between 2000 and 2600°C, the slopes (of 

the geometric parameter changes) versus heat-treatment tern-

perature become positiv~ again, and the turbostratic carbon 

material become less disordered. Here the layers rearrange, 

the vacancies anneal~ strain is relieved with enough energy 
/' . . 

to drive the process further. The graphitic structure is . . . 

never achieved however, neither is all the strain relieved. 
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GLOSSARY 

SYMBOLS DEFINITION 

~ ANGSTROMS 

ANL ARGONNE NATIONAL LABORATORIES (IN TENNESSEE) 

CKAPPA .. IS THE CONSTANT IN THE EQUATION FOR CALCULATING THE COMPTON 

BACKGROUND SCATTERING 

GLC GLASS-LIKE CARBON 

HOPG HIGHLY ORIENTED PYROLYTIC GRAPHITE 

HTT HEAT~TREATMENT TEMPERATURE 

HTt . HEAT-TREATMENT TIME 

LSEM LIFTSHITZ, SLYSOV MODIFIED ENCOUNTER THEORY 

LSW LI FTSHITZ, SLYSON AND WAGNER THEORY 

MLSW MODIFIED LIFTSHITZ, SLYSOV AND WAGNER 

NBS NATIONAL BUREAU OF STANDARD (I N WASH I NGTON, D. C. ) 

NCS NEUTRON CROSS SECTION 

NGC NON-GRAPHITIZABLE CARBON 

NIS NEUTRON INELASTIC SCATTERING 

nm NANOMETERS 

PG PYROLYTIC GRAPHITE 

ppts PRECIPITATES 

PVC PYROLYTIC CARBON 

R RADIUS OF GYRATION 
9 

S/V SURFACE PER VOLUME 

SAS SMALL ANGLE SCATTERING 

SAXS SMALL ANGLE X-RAY SCATTERING 
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WAND WIDE ANGLE NEUTRON DIFFRACTION 

WAXD WIDE ANGLE X-RAY SCATTERING 

WRND WIDE' RANGE NEUTRON DIFFRACTION 

WRXD WIDE RANGE X-RAY DIFFRACTION 
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APPENDIX A 

THE C1 CONSTANT IN THE X-RAY PROFILE EQUATION 

The equation for the observed x-ray intensity diffracted at any 

angle has been written in Section 2.1.1.1. 

The constant C1 in the equation can be written as: 

C1 = 10* e4/(m2C
4

R2) * Ao/2~c * NA/At.Wt. (31) 

where 

10 is the incident unpolarized beam intensity. 

Ao is the cross-sectional area of the incident beam. 

Mu is the linear absorption coefficient of the sample. 

( 23 -1 ) NA is the Avagadro number = 6.023 x 10 mole . 

At.Wt. is the atomic weight of the carbon material. 

R is the sample -to-detector or sample to X-ray tube 

distance ( = 14.55 cm). 

e -10 ) is the electronic charge (= 4.802 x 10 esu. 

m is the electronic mass (= 9.109 x 10-28 gms). 

c ·10 -1 is the velocitj of light (= 2.997 x 10 cm sec ). 
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APPENDIX B 

THE C2 CONSTANT IN THE NEUTRON PROFILE EQUATION 

The equation for the observed neutron diffracted intensity at any 

angle has been written in Section 2.1.1.2. 

The constant C2 tn: the equation can be written as: 

C2 = (613*~s*t*01)/(8~*R *0) (32) 

where: 

6 = neutron flux or the number of neutrons per min. in the 

incident monochromatic beam (neutrons m-2s-1). 

1 is the wavelength of the incident beam. 

hs is the height of the counter slit. 

R = distance from specimen to counter. 

t = thickness of specimen. 
'1 o = measured density of specimen. 

o = theoretical density. 
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APPENDIX C 

TABULATED VALUES USED IN "PEEL-OFF" ANALYSIS 

The Warren function [54J, F(A) is given by: 

/

00 2 2 
F(A) = .. exp[-{x -A) Jdx 

o 

where A = [(w)1/2 *La*{r - 1H)J/l 

1H = 2sine o 

r 

x 

F(A) 

0.12 

0.21 

0.32 

nA6 

0.53 

0.61 

0.69 

.0.77 

0.84 

0.91 

= 2sine 

= [(w)1/2* L * r/2 1J 1/2 
a 

is the wavelength 

A 

0.1 

+0.2 

+0.3 

+0.4 

+0.5 

+0.6 

+0.8 

+1.0 

+2.0 

+3.0 

(33) 

F(A) 

0.96 

1.01 

1.04 

1.06 

1.07 

1.06 

1.04 

0.99 

0.67 

0.52 
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Appendix C (cont.) 

In the analysis done here, La' lambda, A, G and Go are 

obtained from the diffraction data. The 2 theta position of zero 

intensity can now be obtained from the plot of F(A) versus A. 



80 

APPENDIX D1 

THE INCOHERENT (BACKGROUND) SCATTERING ANALYSIS 

The total scattering at large k(= 4wsinG/l) from any atom with z 

electrons can be written as the sum of the coherent and incoherent 

(background) scattering [59J, that is 

(34) 

For GLC, the low atomic number carbon material, with thickness 

t s ' bulk density os' coherent and incoherent linear absorption 

coefficients, lJ and lJ" respectively, the background scattering . c 1 

can be written as [71J: 

ITOT(2G)= I. (2G) = K (P!) x Pol(2G) x J (.2G) [l-exp ~ (lJc+.lJ c)\>] 
. lnc s lJ c lJi lnc ". SlnG 

x exp (- (lJAtA + lJwtw)B3) (35) 

where Ks = C1 2lJ c is sample dependent. 

C1 is defined in Appendix A 

and Pol (150
0 

2G) = 0.8750 

is the incoherent scattering for. 

for~~lemental carbon, and 

(t:"y is the incoherent scattering for elemental 

carbon in electron units [91J. 

B is the Breit-Dirac recoil factor [159,160] 

lJ c + lJ i = lJ C [1 + B3 J 
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Appendix 01 (cont.) 

where 

u t = 0.0473 for the Beryllium window in the detector. w w 

u t = 0.2137 for the air in the sample chamber. a a 
The above equation (35) is based on the assumption that at large 

angles the background scattering is essentially all incoherent 

scattering except near an interference maximum [70J. The equation 

shows that from a measurement of the incoherent intensity I inc (2e) 

at large sine/l, and a knowledge of the other parameters, the constant 

KS for each sample can be obtained, and hence I inc (2e) over the 

whole range can be generated. 
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APPENDIX 02 
X-RAY DATA USED IN THE ANALYSIS 

SAMPLE Thiekness,t Time Length Dens ity ll*t :t 
Pc 211e*R 

TOe (ems) (hrs) (ems) (gmt em2) (em-I) 

1200 0.172 9 to 156 5.068 1.510 1.055 6.132 178 

1400 0.172 9 to 72 5.110 1.502 1.083 6.295 183 

1600 0.174 9 to 48 5.140 1.485 1.064 6.115 178 

1800 0.168 9 to 100 5.156 1.471 1.044 6.123 178 

2000 0.285 6 5.146 1.456 1.718 .... 6.023 176 

2000 0.283 72 5.158 1.434 1.657 5.955 173 

2200 0.283 0 5.090 1.434 1.657 5.955 173 

2300 0.240 48 5.216 1.402 1.237 5.511 160 

2400 0.170 0 5.208 1.426 0.951 5.457 159 

2400 0.168 30 5.234 1.400 0.947 5.565 . 162 

2500 0.120 4 5.276 0.678 5.59·0 163 

2500 0.120 30 5.274 0.662 5·.539 .. 161 

2600 0.286 0 5.052 1.387 1.661 5.808 169 

2600 0.180 4 5.056 1.378 0.891 5.607 164 

tR = 14.55 em 
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APPENDIX 03 
X-RAY DATA USED IN THE ANALYSIS 

Thiekness,t Time ue+uI) ( u e+u I ) t (l-exp) CKAPPA* SAXS SAMPLE 
TOC (ems) (hrs) ine SLOPE 

~ 

1200 0.172 9 to 156 12.72 2.197 0.897 14.25 -2.8 

1400 0.172 9 to 72 13.11 2.255 0.903 14.00 -2.9 

1600 0.174 9 to 48 12.74 2.216 0.899 15.56 -3.1 

1800 0.168 9 to 100 12.75 2.143 0.895 19.91 -3.1 

2000 0.285 6 12.63 3.587 0.975 14.97 -3.2 

2000 0.283 72 12.52 3.544 0.9745 14.39 -3.0 

'," . 
' .. 

2200 0.283 0 12.40 3.515 0.974 15.08 ":;3.3 

'. 

2200 0.162 60 12.84 2.079 0.884 48.37 -3.5 . 

2300 0.224 48 11.48 2.576 0.931 15.16 -3 .. 0 

2400 0.170 0 11.37 1.932 0.865 14.52 -3.1 

2400 '. 0.168 30 11.59 1.947 0.870 15.07 -3.2 

2500 0.120 4 11.64 1.390 0.763 15.11 -3.3 

2500 0.120 30 11.42 1.370 0.762 15.85 -3.2 

2600 0.286 0 12.10 3.460 0.967 14.66 -3.4 

2600 0.1880 4 11.68 1.864 0.843 10.43 -3.6 

*CKAPPA defi ned in glossary p. 
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TABLE 4.1.A 

X-RAY INTERLAYER SPACINGS d002 FOR GLC 

HTT/HTT t(cm) 20° d002 20° d002(A) SAXS 
SLOPE 

1200 0.172 24.3
0 

3.66A 25.5
0 

3.49:0.03 -2.7 

1400 0.172 24.9 3.58A 25.7 3.47 -2.9 

1600 0.174 24.9 3.58A 25.7 3.47 -3.1 

1800 0.168 25.3 3.52 25.6 3.48 -3.1 

*2000-6 0.284 24.9 3.58 25.5 3.49 -3.2 

*2000-72 0.284 25.2 3.53 25.7 3.47 -3.0 

*2200-0 0.283 25.0 3.56 25.7 3.47 -3.3 

2200-60 0.162 25.5 3.49 26.0 3.43 -3.5 

*2300-48 0.224 25.5 3.49 26.0 3.43 -3.0 

2400-0 0.170 25.5 3.49 25.9 3.44 -3.1 

2400-30 0.168 25.4 3.51 26.0 3.43 -3.2 

2500-4 0.120 25.5 3.49 26.0 3.43 -3.3 

2500-30 0.120 25.7 3.47 26.10 3.41 -3.2 

2600-4 0.160 25.7 3.47 26.00 3.42 -3.6 

*Very thick samples 
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TABLE 4.1.B 
f3ASAL PLANE STACKING SIZE L002 FOR GLC 

X-RAY DATA 

RAW DATA CORRECTED DATA 

HTT 81/2 COSG lc(~ ) B1l2 COSG Lc (a) 

1200 NSR 0.1224 11 .2=0 .24~ 

1400 0.1133 12.1a 0.0893 15.4 " 

1600 0.1099 12.5 0.8597 16.0 " 

1800 0.1054 13 .0 0.834 16.5 " 

*2000-6 0.1116 12.2 0.894 15.4 " 

*2000-72 0.1039 13.2 0.0825 16.6 

*2200-0 0.1063 12.9 0.0881 15.6 

2200-60 0.0717 19.2 0.0604 22.7 

*2300-48 0.0707 19.4 0.0612 22.4 

2400-() 0.741 18.5 0.6377 21.5 

2400-30 0.0655 20.9 0.0'185 23.6 

2500-4 0.0655 20.9 0.0585 23.3 

2500-30 0.0638 21.5 0.0568 24.2 

2600-4 () .0609 22.5 0.0558 24.6 

NSR = Not sufficiently resolved 

Lc = 0.89*x/(B1/2 COSG) 

* = Thick samples 

;. 

Percentage 
difference 

in t(cm) 
Lc 'S 

0.172 

21A 0.172 

22 0.172 

21 0.168 

20 0.284 

21 0.283 

17 0.283 

16 0.162 

13 0.224 

14 0.170 

11 0.168 

10 0.120 

11 0.120 

8 0.160 



hkl 

002 
004 
10 
11 
20 

hkl 

002 
004 
10 
11 
20 
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TABLE 4.2.A 
RAY AND CORRECTED NEUTRON DATA: d-spacings 

RAW 

25.6 3.480 
52.8 1.734 
43.8 1.067 
79.8 1.202 
95.2 1.044 

RAW 

d(~ ) 

25.8 3.453 
53.6 1.710 
43.6 2.076 
79.0 1.212 
94.6 1.049 

PEEL 

25.8 3.453 
53.2 1.722 
43.8 2.067 
79.8 1.202 
95.0 1.046 

PEEL 

26.0 3.427 
53.8 1.704 
53.5 2.080 
79.4 1.207 
94.5 1.050 

RAW 

25.8 3.453 
53.2 1.722 
43.6 2.076 
79.4 1.207 
94.6 1.049 

RAW 

29.5 3.440 
53.6 1.710 
43.4 2.985 
79.2 1.209 
94.6 1.049 

THEORETICAL VALUES FOR GRAPHITE 

hkl {002 ) (004 } (100) lIIo) 

2eo 26.6° 54.8° 42.2° 77.6° 

d(~ ) 3.354 1.677 2.132 1.231 

PEEL 

26.0 3.427 
53.6 1.709 
43.6 2.076 
79.4 1.207 
94.6 1.048 

PEEL 

d(~) 

26.1 3.414 
53.8 1.704 
43.4 2.085 
79.0 1.212 
94.2 1.052 

{200 ) 

92.7° 

1.066 
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TABLE 4.2.B 
STRAIN ANALYSIS (NEUTRON DATA) 

LC O\) L a (A) 

L002 .. L004 . L10 Ll1 L20 

TEMpoC RAW PEEL .. ·· :RAW PEEL RAW PEEL RAW PEEL RAW PEEL 

1200 8.1 15.5 NSR* 19.5 21.1 34.0 17.3 22.0 NSR 26.6 

1800 14.3 17.9 NSR 21.0 34.0 41.6 23.2 28.2 NSR 30.7 

2200 17.6 21.2 NSR 21.5 37.0 46.5 27.8 31.3 NSR 37.2 

2600 20.9 21.5 NSR 22.0 38.3 50.2 28.0 35.6 NSR 41.0 
*NSR = NOT SUFFICIENTLY RESOLVED 

TEMPERATURE "C 1200 1800 2200 2600 

La(intercept)(A) 47.1 54.8 62.0 64.1 

(10) 28 24 24 22 

STRAIN ( diff. ) 

(11 ) 53 49 50 44 

L = (0.89 x A)/B1/2 COSQc c1/2 

L = (1.77 x A)/B1/2 COSQ a a1/2 
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TABLE 4.2.C 
PEAK BREADTH ANALYSIS (NEUTRON DATA) 

lc{.l\) la (A) DIFF. 

(002 ) (004 ) Extrap. (10 ) (11 ) (20 ) Extrap. 
for for la-lc 
(002 ) (10) 

TEMP. PEEL PEEL and PEEL PEEL PEEL and (Extrap. 
(004 ) (11 ) 

*1200 
I 

629 5.2
0 4.5

0 -- -- -- -- --
I 

--
Bl COS9 0.089 0.070 0.095 0.080 0.124 0.103 0.058 ! --

'2 I 

l(A) 15.5A 19.5A 14.5A 34.oA 22.oA 26.6A 47.1A i 32.6A 

i 

*1800 I 

629 4.5
0 

4.2
0 -- -- -- -- -- --

Bl COS9 0.077 0.065 0.080 0.066 0.097 0.089 0.050 --
'2 

L(A) 17.9A 21.oA 17.1A 41.6 28.2 30.7 54.8 37.7A 

2200-60 
629 3.8

0 

4.1
0 -- -- -- -- -- --

61 COS9 
'2 

0.065 0.064 0.065 0.058 0.087 0.074 0.044 --
l(A) 21.2A 21.5A 21.1A 45.6 31.3 37.2 62.0 40.9A 

2600-4 
629 3.7

0 

4.0
0 

-- -- -- -- -- --
61: COS9 0.064 0.062 0.064 0.054 0.077 0.067 0.043 --

2 

L(A) 21 .5A ... 22.oA 21.4A 50.2 35.6 31.0 64.1 42.4A 

*times up to 156 hours. 

6~ = (292 - 291) = 629 at half maximum. 
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TABLE 4.3 
RATIO OF HYDROGEN TO CARBON ATOMS IN GLC 

T"C 1200-9 1800-9 2200-15 2600-4 2600-4* HOPG 

ANL a 0.1733 0.1610 0.1587 0.1543 0.1592 0.1474 -m 

ANL 
nh 0.39 0.20 
nc 

0.017 0.010 0.18 0.0 

ANL 
nhc 2 .93x1 0-5 -5 -5 -5 1.20x10-5 0.0 -B- 2.04x10 1.93x10 2.17x10 

TOC 1200-156 1800-10 2200-36 2600-4 2600-4* HOPG 

NBS 
nh 
nc 

0.034 0.015 0.010 0.010 

NBS 
nh 
nc 

0.039 0.024 0.018 0.018 

NBS B 1330 980 880 830 830 
(cps) 

*Data measured repeatedly for reoroducibility. ..... 

~ = Cross-section per unit mass. m 
nh - = no. n of hydrogen atoms/no. of carbon atoms = nhc · 
c 

B(cps) = background scattering from WAND data. 
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TABLE 4.4.A 

GLClOOO°C 
HTt SAMPLE NO. Thickness TRANSMISSION 
hrs. cm 

0 203 0.286 0.151 
0 203 0.286 0.151 
0 203 0.286 0.151 

64 A4 0.282 0.153 
64 A4 0.282 0.153 

128 153 0.276 0.152 
- - = 9.Q%0.2A Notes: Rgo = Rgi 
- 3 - 3 (Rgo) = (Rgi) = 729:l::11A3 

GLC1200°C 
HTt SAMPLE NO. 
hrs. 

4 316 
9 82 
9* 142A 
9* 240 

12 317 
24 318 
48 319 
72 320 
96 321 

*Thin samples 

R = 10.47:l::0.04A go ' 
(R )3 = 1148:l::21A3 

go 

TABLE 4.4. B 

Thickness TRANSMISSION 
cm 

0.278 0.148 
0.176 0.321 
0.172 0.356 
0.280 0.168 
0.273 0.179 
0.272 0.186 
0.274 0.186 
0.278 0.179 
0.264 0.164 

Rg(,~) Rg3 (A3) 

0.99=0.06 726 
9.12=0.06 759 
9.04=0.08 739 
9.05=0.06 741 
9.05 741 
9.22:l::0.08 783 

Rg{A) - 3 
Rg (A3) 

10.42 1130 
. 10.80 1260 
10.70 1225 
10.26 1081 
10.47 1148 
10.55 1205 
10.55 1175 
10.48 1152 
10.45 1141 
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. TABLE 4.4.C 

GLC1300° C 

SAMPLE NO. Thickness TRANSMISSION 
em 

332 0.273 0.349 

(~go) = (~g) = 10.S7±0.osA 

(Rgo)3 = 1180±15A3 

TABLE 4.4.0 

'.... -. 

",;.,: ." 

HTt 
hrs. 

SAMPLE NO. Thfckrie'ss TRANSMI SSI ON 

o 
72 

lA 
9A 

Rgo = 12.3D±0.10A 

(Rgo)3 = 1870±45A3 

0.168 . 
0.172 

10.57 

12.25 
12.39 

1180 

1839 
1901 
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TABLE 4.4.E . 

HTt . 
hrs. 

SAMPLE NO. Thickness TRANSMISSION 
cm 

o 
48:· 
48'.· 

1C 
9C 
9C 

~go = li.66:1:0.29A 

(Rgo)3 = 2551:1:160A3 

GLC1800°C 

HTt SAMPLE NO. 
hrs. 

9 252 
9 251 

100 825 

Rgo = 14.56:1:0.49A 

(Rgo)3 = 3088:1:313A3 

0.170 
0.174 
0.174 

TABLE 4.4.F 

Thickness TRANSMISSION 
cm 

0.176 0.314 
0.171 0.301 
0.174 0.311 

13 .34:1:0.25 
13 .76 
13 .89 

Rg(A) 

14.92 
13.99 
14.75 

2373 
2602 
2678 

- 3 Rg (A3 ) 

3324 
3211 
2740 



GLC2000°C 

HTt SAMPLE NO. 
hrs. 

0 301 
6 302 

12 303A 
24 304 
36 305 
48 306 
72 307 
96 308 

(~ ) = 14.68*0.08A go 
(Rgo)3 = 3164A3 

GLC2100°C 
HTt SAMPLE NO. 
hrs. 

0 331 
3. 337 
q' 324A 

12: 325 
18 327 
24 328 
30 330 
36· 326 

110 

TABLE 4.4.G 

Thickness TRANSMISSION Rg(A) -3 Rg (A3) 
cm 

0.284 0.165 14.37 2966 
0.284 0.168 14.74 3203 
0.286 0.160 15.10 3435 
0.284 0.164 15.03 3395 
0.284 0.156 15.16 3484 
0.284 0.164 15.21 3519 
0.280 0.161 15.39 3646 
0.276 0.174 15:.73 3894 

TABLE 4.4. H 
" " 

Thickness TRANSMISSION Rg(A) - 3 Rg (A3 ) 
cm 

0.284 0~161 13.89 2681 
0.285 0'.162 14.54 3074 
0.286 0.159 14.85 3275 
0.285 0.161 14.97 3355 
0.287 0.162 15.12 3460 
0.285 0.155 15 .• 10 3441 
0.285 0.158 15.32 3593 
0.285 0.158 15.37. 3628 



111 

TABLE 4.4. I 

GLC2200°C 

HTt SAMPLE NO. Thickness TRANSMISSION RgO\) -3 (A3 ) Rg 
hrs. cm 

0 215 0.283 0.167 15.27 3652 
6 227 0.272 0.171 16.54 4521 

15 216A 0.270 0.163 .... 16.81 4746 
24 219 0.286 0.159 17.57 5423 
48 222 0.278 0.169 18.09 5921 
60 223 0.168 0.351 19.12 6990 

TABLE 4.4.J 

GLC2300°C 

HTt SAMPLE NO. Thickness TRANSMISSION Rg{A) - 3 (A3) Rg 
hrs. em 

0 0.259 0.198 15.45 3691 
1 0.280 0.164 15.60 3724 
2 0.273 0.161 15.66 3840 
4 0.278 0.160 15.88 4007 
6 323 0.286 0.159 15.97 4073 

12 236 0.274 0.162 16.31 4339 
24 284 0.261 0.198 17.27 5151 
48 287 0.256 0.191 17.40 5268 



GLC2400°C 

HTt SAMPLE NO. 
hrs. 

0 310 
6 312 

15 210 
24 212 
30 213 

R 0 = 19.21 = 22,1\ 
(~ )3 = 7092 :l: 240,1\3 

go 

GLC2500°C 
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TABLE 4.4.K 

Thickness TRANSMISSION Rg(,~) 
cm 

0.286 0.157 18.37 
0.286 0.157 19.82 
0.278 0.175 19.94 
0.171 0.335 . 20.82 
0.168 0.340 22.34 

TABLE 4.4.L 

HTt 
; .. hrs: 

SAMPLE NO. Thickness TRANSMISSION·· Rg (,1\) 
cm 

o 
9 

···15 
20 
30 

0.132 
0.126 
0.124 
0.206 
0.134 

0.437 
0.461 
0.463 
0.270 

·0.458 

18.98 
20.74 
21.17 
21.71 
22.31 

- 3 Rg (,1\3) 

6199 
7791 
7925 
9026 

11 ,154 

- 3 3 Rg (,1\) 

6838 
8921 
9488 

10,232 
11 ,103 

.. 
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TABLE 4.4.M 

GLC2600°C 

HTt SAMPLE NO. Thickness TRANSMISSION Rg(A) Rg3 (A3) 
hrs. cm 

0 228 0.286 0.161 20.39 8479 
4 247 0.294 0.162 21.65 10,153 

10 20-05 0.212 0.263 23.51 13,001 
10 20-05 0.212 0.263 23.55 13,050 

. TABLE 4.4.N 

GLC2700°C 

HTt SAMPLE NO. Thickness TRANSMISSION Rg(A) - 3 (A3 ) Rg 
hrs. cm 

0 35-05 0.204 0.276 22.90 12,009 
2 F 0.182 0.317 23.60 13,144 
2 F 0.182 0.317 23.62 13,178 
4 32-05 0.266 0.240 24.27 14,302 
4 32-05 0.238 0.231 24.27 14,291 
6 33-05 0.208 0.269 24.33 14,400 

10 36-05 0.154 0.368 25.14 15,879 

RgO = 23.08A 
(R )3 = 12,297A3 

go 



GLC2800°C 
HTt SAMPLE NO. 
hrs. 

2 23-05 
4 59-OS 

RgO = 23.67A 
(~ )3 = 13,261A3 

go 

114 

TABLE 4.4.0 

Thickness TRANSMI SSI ON Rg(,l1.) - 3 Rg (.l1.3 ) 
cm 

0.226 0.236 24.29 14,331 
0.234 0.239 24.88 15,401 
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TABLE 4.4.P 
(R g ) DEPENDENCE ON HEAT-TREATMENT TEMPERATURE (HTT) 

I (.~R ) ( IlR ) 

C·R9O
) 

I 

TOC I (R )3 (IlR ) 3 go 
(IlR ) 

go 
(R ) 

go go ( IlR ) 3 go (R g. ) o ( R ) go I g. 
I 

(A3 ) 
g. (A) 1 1 (A) I 

I 1 
I 
I 
i 
I 

i 
I 
I 

1000 
I 

I 729 ** 0.0 0.0 0.0 0.0 0.0 9.0 
I 

1200 
I 

1148 419 0.575 7.48 0.83 :1:0.02 10.47 

1300 1180 451 0.619 7.69 0.85 =0.02 10.57 
1400* I 1884 1155 1.584 10.49 1.16 :1:0.03 13 .82 

1600* 2640 1911 2.621 12.41 1.37 =0.05 13 .82 
1800* 3092 2363 3.18 13.32 1.47 :1:0.08 14.56 

2000 3164 2435 3.31 13.45 1.49 :1:0.03 14.68 

2100 29/9 2250 3.05 13 .10 1.45' :1:0.03 14.39 

2200 4004 3275 4.41 14.85 
I 

1.64 •.... ··.:1:0.05 
1
15 .88 

2300 3/01 2972 4.02 14.38 1.59 : :' :1:0.04 115.65 

2400 7092 6363 8.62 18.53 2.05 .... ··=0.05 I i19 .21 

2500 7263 6534 8.87 18.70 2.07 :1:0.04 
1
19 .37 

2600 8423 7694 10.36 19.74 2.18 =0.03 20.39 

2700 12,297 11 ,568 15.63 22.62 2.50 :1:0.04 23.08 

*Thin samples. 

3 - 3 ° **R = R for 1000 C. 
go gi 
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TABLE 4.4.0 
ACTIVATION ENERGY CALCULATION 

TOC TOK 1/ToK TX(Rg )3 
0 

(intercepts) 

2000 2273 4.4x10 -4 7.19x10 -6 

2100 2373 4.21 7.07 

2200 2473 4.04 9.90 

2300 2573 3.89 9.87 

2400 2673 3.74 18.96 

2500 2773 3.61 20.24 

2600 2873 3.48 24.20 

2700 2973 3.36 36.56 

2800 3073 3.25 40.75 

INTERCEPT OF Tx(R )3 = 7.2xO.2x10-6 • 
go 

(R )3 K(D) 
90 (slope) 

(1).)3 

3164 0.017x10-6 

2979 0.035 

4004 0.084 

3833 0.091 

7092 0.385 

7263 0.385 

8422 1.31 

12,297 1.11 

13 ,261 1.64 

Ln[K(D)] 

~ 

9.76 

10.47 

11.34 

11.41 

12.21 

12.86 

14.09 

13.01 

14.31 
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TABLE 4.4.R 
Rg RELATED TO THE DIMENSIONAL CHANGE, 1 IN GLC 

(.~R ) 
HTT (I F)T ,0 (£\1 ) T ,0 (£\Rg)T,O 9 Normalized 

TillT ,0 (£\l)T,O 

1000 5.0930* 

1200 5.1003 0.0072 (em) 7 .48(.~) 1039 0.95 

1300 7.69 

1400 5.1119 0.0189 10.49 555 2.50 

1600 5.1307 0.0377 12.41 329 4.99 

1800 5.1602 0.0672 13.38 199 8.90 

2000 5.1739 0.0809 13 .45 166 10.72 

2100 5.1781 0.0851 13.10 154 11.27 

2200 5.1816 0.0886 14.85 168 11.74 . 

2300 5.2035 0.1105: 14.38 130 14.64 

2400 5.2122 0.1192 18.53 150 15.79 

2500 5.2320 o ~1390 18.70 135 18.42 

2600 5.2422 0.1490 19.74 133 19.74 

(£\1)1 0 = (IFlT Q - (lFli 0 
*(IF i,o is the',nitial length at 1000

0 

for zero time. 
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TABLE 4.4. S 
RELATIVE Rg CHANGES RELATED TO RELATIVE DIMENSIONAL CHANGES IN GLC 

NORMLZD • 
(.~R ) (fi1 ) (fi1 ) ( fiR I R ) 

go T,O a g. rOc o T,O o T,O "'0 1 
(I f )r,o (fi )T ,0 (R ). 0 n}; ,0 n); ,0 ( fil o7I; ) ,;. 

9 1, 

1000 5.093* 

1200 0.83+0.02 0.0014 0.10 592.9 5.100 0.0072 

1300 0.85+0.02 

1400 1.16+0.03 0.0037 0.28 313 .5 5.112 0.0189 

1600 1.37+0.05 0.0074 0 .. 55 185.1 5.131 0.0377 

1800 1.47+0.08 0.0132 0.98 111.4 5.160 0.0672 
" .. 

2000 1.49+0.03 0.0159 1.18 93.7 5.174 0.0809 
, , 

,'2200 1.64 0.0174 1.24 86.8 5.178 0.0809 

'2300 1.59 0.0217 1.61 73.2 5.182 0.0886 

2400 2.05+0.05 0.0234 1.74 87.0 5.204 0.1192 

2500 2.07 0.0273 2.03 75.8 5.232 0.1390 

2600 2.18 0.0293 2.18 74.4 5.242 0.1490 

*This ; s the val ue at the reference temperature, (1 f );,0' 
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FIGURE CAPTIONS 

Fig. 1.1.A Atomic structure of perfect graphite crystal. 

(XBL 832-8008) 

Fig. 1.1.B X-ray diffraction profile from random polycrystalline 

graphite. (XBL 832-8008) 

Fig. 1.2.A Schematic structural model for glass-like carbon (Jenkins 

model). (XBL 8110-6807) 

Fig. 1.2.B X-ray diffraction profile from solid glass-like carbon. 

Fig. 1.3 

Fig. 1.4 

Fig. 1.5 

Fig. 1.6 

(XBL 8110-680) 

Lattice images of glass-like carbon heat-treated at 

2700C)C. (XBB 800-12199) 

a) underfocused, b) focused and c) over-focused. 

Lattice images of glass-like carbon heat-treated at 

2550°C: (XBB 800-12198) 

a) underfocused, b) focused and c) over-focused. 

Lattice images of glass-like carbon heat-treated at 

2250°C: (XBB 800-12197) 

a) underfocused, b) focused and c) over-focused. 

Lattic~ images of glass-like carbon heat-treated at 

1800° C: .. (XBB 800":'12196) 

a) underfocused, b) focused and c) over-focused. 

Fig. 3.2.A X-ray line profile of PG and the measured incoherent 

scattering (CuK radiation). (XBL 832-5241) 
a 

Fig. 3.2.B X-ray line profile of GLC 2700-2 and the measured 

incoherent scattering (CuK radiation). (XBL 832-5242) 
a 
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Fig. 3.2.C Complete x-ray line profiles~f GLC2700 and the generated 

incoher~nt scattering (CuK
a 

radiation). 

(X BL 811 0~6813A) 

NO Fig. 3.3 

Fig. 3.4 The ORNL 10-m SAXS Camera with automatic specimen 

changer. (XBL 851-1049)·< 

Fig. 3.4.B The ORNL Small-Angle X-ray Scattering Laboratory. 

(XBB 852-1618) 

Fig. 4.1.A Uncorrected Wide Angle X-ray Diffraction (WAXD) line 

profiles for GLC1800 - 0 and 48 hours. (XBL 8410-7435) 

Fig. 4.1.B Uncorrected Wide Angle X-f~y Diffraction (WAXD) 002 peak 

. '.. 0 

profiles for GLC120G~ 1800 and 2600 C. (XBL 8410-7436) 

Fig.4.1.C Uncorrected Wide Angle X-rayDiffraction (WAXD) 002 peak 

profi 1 es for GLC2200 -0 and 6.0· hours. (XBL 8410-7437) 

Fig. 4.1.0 Incoherent (Compton) backgroundsc~ttering in two 

samples - GLC1200 and GLC26.GO. (XBL 8410-7438) 

Fig.4.1.E Raw and corrected 002 peak~"'"rayprofile for GLC1200. 

(XBL 8410-7439) 
., :, 

Fig. 4.1. F Raw and corrected 002 peak x~ray prof il e for GLC1800. 

(XBL 8410-7440) 

Fig. 4.1.G Raw and corrected 002 peak x-ray profile for 

GLC2600 - 4. (X BL 841.0-7441) 

Fig. 4.1.H X-ray profile of GLC2600~4 corrected for the polarization 

and the atomic scattering factors, but not for the 

Lorentz factor. (XBL 8410-7442) 
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Fig. 4.1.I Interlayer spacings in heat-treated glass-like carbons. 

(XBL 8410-7443) 

Fig.4.1.J Interlayer (stacking) sizes as a function of 

heat-treatment temperature in glass-like carbons. 

( X BL 841 0-7444 ) 

Fig.4.1.K Neutron diffraction profiles and incbherent (background) 

scattering (for GLC1000) as a function of HTt. 

(XBL-8410-7445 

Fig. 4.1.L Neutron diffraction profiles and incoherent (~ackground) 

scattering (for GLC1000 - 150, GLC1800 - 100, 

GLC2200 - 36, and GLC2600 - 4) as a function of HTI. 

(XBL 8410-7446) 

Fig. 4.1.M Neutron diffraction profiles (for GLC1200) corrected for 

small angle scattering and background. (XBL 8410-7447) 

Fig.4.1.N Neutron diffraction profiles (for GLC1800) corrected for 

small angle scattering and background. (XBL 8410-7448) 

Fig. 4.1.0 Neutron diffraction profiles (for GLC2200) corrected for 

small angle scattering and background. (XBL 8410-7449). 

Fig. 4.1.P Neutron diffraction profiles (for GLC2600-4) corrected 

for small angle scattering and background. 

(XBL 8410-7450) 

Fig. 4.1.Q Incoherent neutron scattering as a function of HTT for 

1000 and 2500°C. (XBL 833-5433) 

Fig. 4.1.R Effect of corrections and "Peel-Off" analysis on the 

neutron line profile of GLC1200°C. (XBL 8410-7451) 
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Fig. 4.1.S Effect of corrections and "Peel-Off" analysis on the 

neutron line profile of GLC2600°C. (XBL 8410-7452) 

Fig. 4.1.T Lattice strain and broadening in GLC as a function of 

HTT. (XBL 8410-7453) 

Fig. 4.1.U Strain Analysis I - Neutron Diffractfon - Strain versus 

HTT. (XBL 8410-8249) 

Fig. 4.1.V Strain Analysis II - "Particle Size and interlayer 

spacing versus strain. (XBL 8410-8250) 

Fig.4.4.A Circular symmetry of small angle scattering from a GLC 

specimen. (XBL 8410-7454) 

Fig. 4.4.B Typical Porod plot of SAXS from GLC as a function of 

HTT. (XBL 8410-7455) 

Fi.g~ 4.4.C Typical Porod plot of SAXS from GLC as a function of 

HTt. (XBL 8410-7456) 

Fig. 4.4.0 Typical Guinier plot of SAXS from GLC as a function of 

HTt. (XBL 8410-7457) 

Fig.4.4.E Radius of gyration, Rg kinetics of pore growth in GLC. 

(X BL 8410-'7'458) 

Fig. 4.4.F Pore growth, R3 as a function of heat treatment g 

time. (XBL 8410-7459) 

Fig. 4.4.G Activation energy from pore coarsening. (XBL 8410-7460) 

Fio. 4.4.H Density fluctuation changes as a function of HTT. 

(XBL 8410-7461) 

Fig. 4.4.1 Plot to determine the Porod asymptote, Kp. 

(XBL 8410-7462) 



123 

Fig. 4.4.J Porod invariant plot in GLC as a function of HTT. 

(XBL 8410-7463) 

Fig. 4.4.K SAXS shape curves for GLC1200, 2000 and 2600 samples. 

(XBL 8410-7464) 

Fig. 4.5.A Initial average radius of gyration and dimensional 

changes as a function of HTT. (XBL 8410-7465) 

Fig. 4.5.B Relative average radius of gyration changes and 

dimensional changes as a function of HTT. (XBL 8410-7466) 

Fig. 4.5.C Relative pore sizes compared to relative dimensional 

Fig. 4.5.0 

changes. (XBL 8410-7467) 

Ratio of R to 1 as a function of HTT. (XBL 8410-7468) 
g 

Fig. 5.8.A In situ dimensional change measurements on as - received 

GLC. (XBL 8410-7469) 



',. 

124 
SITllcturr "1 rorbolls 

• 
................ ..n...=- Y"~.:ri;;;:;;;;';';::,~ ,I I I 
I 1ft' I I ' I I I 
, I' I I', , , , .. 335 
I 1 I I 'I ' " "'" ,- . .-\ I I , I I I,' 1 • 1 
, 1 1 I 1,'1 I , I' I 1 • 

I ': " 1 ,; I I' " 1 : I 

~! 
~, I Fig. 1.1.A 

I 1 " , I I, I, " I 
1 1 , , 1 "1' I 1 I 
1 1 l'--d' 1 ,I, I,' I . I I 

'I 1 '. I •• I " ,I" 1 I . 1 
1 : ,'1 - ~.03 A;--;( I,' 1 I 1 

--;;:;~ ~~ ", ~~.:~~~~' . , 

~ 
..... ....--d, .. ~, 

c:·axis _ 2.13 A 

·1 
·'1 ., 

800 

600 

I 
(,cps) 

40 

200 

. Alomic SlruC1urc or 01 pcrrcC1 cr.aphilc cr)'SI:lI. 

28 

RANDOM 
POLYCRYSTALLINE 

GRAPHITE 

{lOll 

(100) 

(004) 

XBL 832-8008 
Fig. 1.1.B 



125 
SIrIICIllrr of poly",rric CIIrbotu 

Fig. 1.2.A 

Schematic structural model for a ,Iassy carbon. 
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XBB 800-12199 
Fig. 1.3 
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XBB 800-12198 
Fi g. 1. 4 



128 

XBB 800-12197 
Fig. 1.5 
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XBB 800-12196 
Fig. 1.6 
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The ORNL Small-Angle X-Ray Scattering Laboratory. The main spectrometer components are 
identified in Fig. 2. In the upper right are the analog signal processing electronics, computer system, 
operator ann user consoles, and the graphics terminal. XBB 852-1618 

Fig . 3. 4. B 
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