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A B S T R A C T

The thesis describes the results of an investigation into the 
relationship between the microstructure and mechanical properties of 
an amorphous carbon and amorphous carbon/graphite composites.

Acid catalysed polyfurfuryl alcohol was used to prepare a cured resin 
from which an amorphous carbon was produced by heating the resin to 
1000°C in an inert atmosphere. It was found that many of the pro­
perties of the amorphous carbon could be related to the process 
variables. A study was made of the effects of curing time, curing 
temperature and catalyst concentration on the carbon yield, the 
density, the modulus of rupture strength and the fracture toughness 
of the carbon. Water is a by-product of the polymerisation reaction 
and the observed porosity of the carbon was found to correlate well 
with the mechanical properties.

When natural graphite was added to the resin, a strong, tough 
carbon/graphite composite was produced. Studies were made on the 
effect of the size of the graphite particles and the amount added to 
the resin on the resulting mechanical properties. It was found that 
for a given amount of added graphite, the strength decreased with 
graphite size, however the toughness reached a maximum value for 
graphite particles, about 20ym across. An examination of the frac­
tured surfaces of the carbon/graphite composites revealed that the 
graphite acted as a reinforcing agent by deflecting the propagation 
of growing cracks. When the graphite exceeded 20ym across, the cracks 
propagated by passing through the graphite rather than passing round it.

The use of carbon/graphite composites as potential writing materials 
requires a structure with a high degree of porosity. Experiments have 
been conducted on the addition of zinc oxide to the batch material 
to provide porosity in the fired materials. The properties of the 
porous carbons have been investigated and it has been shown that the ZnO 
must be extremely well dispersed to produce a fine micro-porous material.
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SE C T I O N  1 

I N T R O D U C T I O N

D u r i n g  the summer of 1977 I m p e r i a l  College u n d e rtook a 

p r e l i m i n a r y  e xamination of some c o m m e r c i a l l y  p r o d u c e d  sub.mm. 

pencil leads. The leads were p r o d u c e d  in Japan and mar k e t e d  

in the U.K. b y  the Pentel C o m p a n y  and B e rol Ltd. u n d e r  licence. 

It was r e a d i l y  established (1) that the pencil leads 

examined w e r e  not of the c o n v e ntional gr a p h i t e - c l a y  mixtures 

t r a d i t i o n a l l y  used for pencil -lead manufacture, but 

c o n sisted almost entirely of carbon. A  r e v i e w  of the patent 

literature revealed that many n e w  types of pencil lead based 

on m i x t u r e s  of graphite and o r g anic polymers had b e e n  

p a t ented around that time, p a r t i c u l a r l y  b y  Japanese 

c o m p a n i e s .

At the request of Berol Ltd. the College und e r t o o k  a 

research programme to continue the i n v e s t i g a t i o n  of these 

n e w  leads and to assist the c o m p a n y  in dev e l o p i n g  its own 

p r o d u c t s  in this new field.

A n a l y s i s  showed that the o r i g i n a l  leads c o n t a i n e d  

a p p r o x i m a t e l y  95 wt% carbon (or o t h e r  n o n - c r y s t a l l i n e  

organic m a t e r i a l ) and that they were com p o s e d  of 

a p p r o x i m a t e l y  50% of mineral gra p h i t e  and 50% of carbon from 

another source. Exam i n a t i o n  of p a t e n t  literature and the 

book "Polymeric Carbon, Glass and Char" (2) showed that a 

large range of organic polymers and resins may be p y r olised 

to give amorphous or glassy carbons by h e a t i n g  in a 

con t r o l l e d  atmosphere to about 1 0 0 0 °C. Continued h e a t i n g  to 

2 0 0 0 °C o r  above can sometimes p r o d u c e  c a r b o n  fibres of high

m o d u l u s .
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Pyr o l y s i s  to 1 0 0 0 °C, however, is capable of p r o d u c i n g  fibres 

w i t h  an a m o r phous s t r u c t u r e  and a m o d e r a t e  tensile strength. 

The p r o cess is a c c o m p a n i e d  by a consi d e r a b l e  volume 

contraction, for example, up to 60% for the p y r olysis of a 

p h e n o l i c  resin to 1 2 0 0 °C. One w o u l d  therefore expect such a 

p r o d u c t  to be fair l y  porous.

It was concluded, from optical and scanning electron 

microscopy, x - ray d i f r a c t i o n  and w e i g h t  loss data, t h a t  the 

Ja p a n e s e  leads w e r e  m ade by p y r o l i s i n g  a mixture of mineral 

g r a p h i t e  and an o r g a n i c  p o l y m e r  or resin. There was no w ay 

in w h i c h  the o r i g i n a l  organic resin could be identified as 

p y r o l y s i s  c o m p l e t e l y  destroys its nature.

A  w i d e  range of p h e n o l i c  and t h e r m o s e t t i n g  resins were 

i n v e s t i g a t e d  as p r e c u r s o r s  for the p r o d u c t i o n  of sub.mm. 

leads (3). The e x t r u s i o n  of compo s i t i o n s  based on these 

resins m i x e d  w i t h  g r a p h i t e  p r o d u c e d  leads which w e r e  able to 

be c o n v e r t e d  a l most e n t i r e l y  to carbons by h e a t i n g  to h i g h  

t e m p e r a t u r e s  in an inert or r e d ucing atmosphere.

C o m p o s i t i o n s  b a s e d  on p h e n o l i c  resins were found to be 

u n s a t i s f a c t o r y  due to swelling and fusion of adjacent leads 

duri n g  processing, and p o r o s i t y  w h i c h  results from the 

e v o l u t i o n  of gas d u r i n g  curing and the initial stages of 

firing (4). On the otherhand, cons i d e r a b l e  success was 

a c h i e v e d  w i t h  leads b a s e d  on p o l y f u r f u r y l  alcohol resins.

It is p o s s i b l e  to e x t r u d e  and fire these leads to give a 

good finish, s t r e n g t h  and p r o m i s i n g  w r i t i n g  properties. The 

effect of c o m p o s i t i o n  and h e a t  tre a t m e n t  on the properties of 

the fired leads w e r e  i n v e s tigated and it was found that the 

Modulus of  R u p ture strength was as good as, if not b e t t e r  

than, t h o s e  of the J a p a n e s e  competitors.
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For this reason, then, it was d e c ided to press on with 

the w o r k  and attempt to p r o d u c e  a c o m m e r c i a l l y  viab l e  product 

based on p o l y f u r f u r y l  a l c o h o l / g r a p h i t e  compositions.

The aim of this p r e s e n t  w o r k  is to at t e m p t  to u n d e r s t a n d  the 

factors a f f ecting the s t r e n g t h  of p o l y m e r  leads by an 

i n v e s t i g a t i o n  of the m e c h a n i c a l  p r o p e r t i e s  of the p y r o l i s e d  

polymer and p o l y m e r / g r a p h i t e  composites.

M e c h a n i c a l  f a i l u r e  of a m o r p h o u s  m a t e rials is a l m o s t  

c o m p l e t e l y  con t r o l l e d  b y  b r i t t l e  fracture. This means that 

the failure occurs w i t h  n e g l i g i b l e  p l a s t i c  deformation, 

w i t hout p r i o r  w a r n i n g  (due to the very rapid rates of crack 

p ropagation) and involves low e n e r g y  absorption.

The mec h a n i c a l  p r o p e r t i e s  of p y r o l i s e d  polymer and 

p o l y m e r / g r a p h i t e  c o m p o s i t e s  are d i s c u s s e d  in terms of their 

fracture strength and toughness, these parameters b e i n g  

defined on the basis of the flaw c o n cept which was introduced 

by A.A. G r i f f i t h  in 1920 (5). A n a l y t i c a l  solutions for the 

fracture st r e n g t h  and t o u g h n e s s  are available for several 

different tes t - p i e c e  geometries. G e n e r a l l y  the specimens 

used in the d e t e r m i n a t i o n  of fracture toughness c o ntain an 

initial crack and it is a s s umed that no growth occurs prior 

to catas t r o p h i c  failure. It is standard p r o c e d u r e  to accept 

as valid any fracture t o u g h n e s s  test on a brittle material if 

t h ere is a linear r e l a t i o n s h i p  b e t w e e n  load and d isplacement 

up to the point at w h i c h  failure occurs i.e., the a s s u mption 

is made t hat no s u b - c r i t i c a l  crack g r o w t h  takes place.
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Since f r a c t u r e  tou g h n e s s  is a m a t e r i a l  constant, pro v i d i n g  

the s t a n d a r d  p r o c e d u r e  is observed, the values obtained for 

any g i v e n  m a t e r i a l  o u g h t  to be inde p e n d e n t  of the test 

geometry.

T h e  t e c h n i q u e s  used in this w o r k  to m e a s u r e  the 

fracture s t r e n g t h  and t o u g h n e s s  of the p o l y f u r f u r y l  

a l c o h o l / g r a p h i t e  m a t e r i a l  w i l l  be the b e a m  and Single Edge 

N o t c h e d  B e a m  geometries r e s p e ctively. These hav e  been chosen 

b e c ause of t h eir r e l ative simplicity, to set up and o p erate 

and b e c a u s e  t hey are b e l i e v e d  b y  m a n y  w o r k e r s  (6) to be the 

m o s t  reliable. In the S.E.N.B. tests, each of the 

t e s t - p i e c e s  contains a p r e - d e t e r m i n e d  flaw in the form of a 

b l unt m a c h i n e d  notch. F r a c t u r e  strength and toughness 

results w i l l  be c o m p a r e d  w i t h  f a b r ication parameters and 

m i c r o s t r u c t u r a l  analysis of the m a t erial in an attempt to 

est a b l i s h  the relationships.
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S E C T I O N  2

B A S I C  P R I N C I P L E S  A N D  L I T E R A T U R E  REVUE 

PRODUCTION, S T R U C T U R E  A N D  P R O P E R T I E S  OF  A M O R P H O U S  C A R B O N  

2.1. E x a m i n a t i o n  of J a p a n e s e  leads

Samples of the sub m m  leads ma r k e t e d  b y  Berol and t h o s e  

of Pentel w e r e  examined u s i n g  optical microscopy. B o t h  samples 

showed a h i g h l y  o r i e n t e d  s t r u c t u r e  with fibres running pa r a l l e l  

to the axis of the lead. A t  m a g n i f i c a t i o n s  of 400 times or 

greater, b u n d l e s  of fibres a p p r o x i m a t e l y  15 fim in diameter wer e  

c l e arly visible, w i t h  h i g h l y  r e f l e c t i n g  p a r t i c l e s  of 1 [im or 

less s a n d w i c h e d  b e t w e e n  the bundles. The small particles w e r e  

t h o u g h t  to be g r a p h i t e  flakes. An e x a m i n a t i o n  of the fractured 

ends of leads showed no sign of micro-fibrils, such as w o u l d  

h a v e  b e e n  ex p e c t e d  if h i g h  te n s i l e  fibres h ad b e e n  incorporated  

in the lead.

FIBROUS
BUNDLES

15ftm
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The two types of leads showed m i n o r  differences indicating 

that a l t hough similar in n a t u r e  t h e y  were not identical 

material.

Sc a n n i n g  electron m i c r o s c o p y  of the surface of 

l o n g i t u d i n a l l y  fractured leads s u p p o r t s  the e v i dence obtained 

from the optical examination. The l o n g i t u d i n a l l y  crushed 

leads sho w  a h i g h l y  o r i e n t e d  s t r u c t u r e  along the axis of the 

lead. However, there is no d i r e c t  evidence of individual 

fibres in the material. At h i g h  m a gnifications, small 

p a r t i c l e s  appear embedded in a matrix.

The d i f f erences b e t w e e n  B e r o l  and Pentel leads w ere 

slight, fro m  w h ich one can d r a w  the c o n c lusion that the 

p r o c e s s e s  of m a n u f a c t u r e  m u s t  h a v e  b e e n  similar. X-Ray 

p o w d e r  diffraction, used to d e t e r m i n e  the crys t a l l i n e  phases 

present, showed g r a p h i t e  to be the m a j o r  phase in bot h  

samples. A  number of very wealc extra d i f f r a c t i o n  lines were 

o b s e r v e d  indi c a t i n g  1 to 2% of an  additional p h ase or phases. 

The samples wer e  s u b s e q u e n t l y  c a l c i n e d  in air for 72 hours 

at  7 0 0 °C to remove all traces of g r a p h i t e  and organic 

m a t t e r  (1).

Sample Initial W e i g h t  W e i g h t  of residue % Loss

Berol 0 . 0386g 0.0022g 94.3

Pentel 0. 0 4 4 2 g  0.0019g 95.7

In each case the re s i d u a l  ash was a pale chocolate colour. 

X - R a y  e x a m i n a t i o n  showed no t r a c e  of g r a phite but b o t h  ash 

samples c o n tained q u a r t z  and a n o t h e r  phase, t h o ught to be 

s a n i d i n e  (Na,K)Al SigOg.
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It can be seen that the J a p a n e s e  leads contain 

a p p r o x i m a t e l y  95wt% c a r b o n  (or o t h e r  n o n - c r y s t a l l i n e  organic 

material). The carbon could be of several types since the 

p r e s e n c e  of m i n e r a l  g r a p h i t e  is shown by  the pre s e n c e  of 

silicates in the c a l cined residues. Mineral graphite is 

assumed to contain a p p r o x i m a t e l y  92wt% carbon, w h ich 

indicates that the leads w e r e  c o m p o s e d  of a p p r o x i m a t e l y  50% 

of m i n e r a l  graphite and 50% of c a r b o n  from another source. . 

The m i c r o s c o p i c  analysis w o u l d  s u g g e s t  that the 'other' 

source of carbon is an a m o r p h o u s  p r o d u c t  of the p y r o l y s i s  of 

an o r g anic material. This s u g g e s t e d  that the leads wer e  made 

by  p y r o l i s i n g  a m i x t u r e  of m i n e r a l  gr a p h i t e  and an organic 

po l y m e r  or resin.
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Figs. 2.1 to 2.3

Optical micrographs of Japanese sub mm leads showing their highly 

oriented structure of fibres running parallel to the lead and small 

graphite particles.
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Fig. 2.4 x 200

Fig. 2.5 x 1000

Scanning electron micrographs of longitudinally fractured sections

of Berol leads.
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Figs. 2.6 to 2.9

Scanning electron micrographs of twist fractures from Berol

leads.



2.2 P o l y f u r f u r y l  A l c o h o l
HC CH

-i i -

F u r f u r y l  a l c o h o l  is m a d e  f rom furan,
HC C

0
w h i c h  is d e r i v e d  f r o m  w a ste v e g e t a b l e  m a t t e r  (7). The 

c o m p o u n d  is p r o d u c e d  on a large scale from o a t h u l l s  w h i c h  

g i ves a 1 0 % y i e l d  w h e n  o b t a i n e d  as a b y - p r o d u c t  in the 

m a n u f a c t u r e  of Q u a k e r  O a t s  (8 ).
----  33% NgQH
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F u r a n  r e s i n s  (9) are p r o d u c e d  b y  the r e s i n i f i c a t i o n  of 

f u r f u r y l  a l c o h o l  in the p r e s e n c e  of an acid catalyst, u s u a l l y  

w i t h  heat, u n t i l  the d e s i r e d  d e g r e e  of p o l y m e r i s a t i o n  is 

achieved. T h e  p o l y m e r i s a t i o n ,  w h i c h  is e xothermic, p r o d u c e s  a 

t h e r m o s e t t i n g  resin. H e a t  is r e q u i r e d  b e f o r e  the p r o c e s s  w i l l  

c o m m e n c e  and the r e a c t i o n  can be s t o p p e d  at any p o i n t  b y  

c o o l i n g  the r e s i n  and c a t a l y s t  mixture. The c h e mical r e a c t i o n  

i n v o l v e s  the a l c o h o l  g r o u p  from f u r f u r y l  a l c o h o l  and an a c t i v e  

h y d r o g e n  from the ring of an a d j a c e n t  m o l e c u l e  to give 

a i f u r f u r y l  alcohol. I n t e r m o l e c u l a r  d e h y d r a t i o n  (stage 1) is 

f o l l o w e d  by  f o r m a t i o n  of a l i n e a r  p o l y m e r  (stage 2 ) and the 

f i nal r e a c t i o n  stage, a g a i n  in the p r e s e n c e  of an acid 

catalyst, p r o d u c e s  a h i g h l y  c r o s s l i n k e d ,  i n f u s i b l e  r e s i n  (1 0 ).

M
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C o m m e r c i a l  f u r f u r y l  a l c o h o l  resins, such as t hat  

s u p p l i e d  by  B e r o l  L t d  for the p r e s e n t  work, are l o w  v i s c o s i t y  

l i q u i d s  w h i c h  h a v e  b e e n  p r o d u c e d  b y  the a c t i o n  of h e a t  and an  

a c i d i c  c a t a l y s t  on fu r f u r y l  alcohol. In o r d e r  to get a 

s t o r a g e  - stable product, the a c i d  c a t a l y s t  is n e u t r a l i s e d  

b e f o r e  a v i s c o u s  s t a g e  is r e a c h e d  w h i c h  w o u l d  p r e v e n t  

e f f e c t i v e  n e u t r a l i s a t i o n .  As a result, the c o m m e r c i a l  

p r o d u c t  still c o n t a i n s  large a m o u n t s  of u n r e a c t e d  f u r f u r y l  

a l c o h o l  monomer.

The t h e r m o s e t t i n g  of the l i q u i d  i n t e r m e d i a t e  r e s i n  is 

a c c o m p l i s h e d  b y  the a d d i t i o n  of an  acidic catalyst, u s u a l l y  

f o l l o w e d  b y  the e x t e r n a l  a p p l i c a t i o n  of heat. In t he 

t h e r m o s e t t i n g  process, a n y  m o n o m e r i c  fur f u r y l  a l c o h o l  p r e s e n t  

w i l l  l a r g e l y  be p o l y m e r i s e d  (condensed), w i t h  the s p l i t t i n g  

o ut of w a t e r  w h i c h  w i l l  v a p o u r i z e  u n d e r  the p r e v a i l i n g  

c o n d i t i o n s .  A small a m o u n t  of the fu r f u r y l  a l c o h o l  

u n d o u b t e d l y  w i l l  v a p o u r i s e  and be l o s t  b e f o r e  it c an be 

c h e m i c a l l y  cond e n s e d .  B oth the w a t e r  and the f u r f u r y l  

a l c o h o l  v a p ours w i l l  t e n d  to c r e a t e  p o r o s i t y  in the t h e r m o s e t  

p r o d u c t  which, of course, is u n d e s i r a b l e .  The o b v i o u s  r e m e d y  

is to use liquid resins w h i c h  h a v e  b e e n  p a r t i a l l y  p o l y m e r i s e d  

and, therefore, w i l l  give o nly small amounts of w a t e r  a nd 

f u r f u r y l  a l c o h o l  v a p o u r s  d u r i n g  the t h e r m o s e t t i n g  step. T h i s  

will, of course, c a use an i n c r e a s e  in v i s c o s i t y  of the r e s i n  

m a k i n g  it m o r e  d i f f i c u l t  to use so a c o m p r o m i s e  m u s t  be 

s t r u c k  b e t w e e n  the ease of use an d  the p o r o s i t y  of the c u r e d  

and p o l y m e r i s e d  m a t e r i a l  (1 1 ).

F u r f u r y l  a l c o h o l  h as b e e n  t e r m e d  a 'reactive' c o m p o u n d

(12).
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The p a t e n t  l i t e r a t u r e  d e s c r i b e s  a g r e a t  n u m b e r  of the 

c a t a l y s t s  u s e d  to r e s i n i f y  F.A. M i n e r a l  acids, s t r o n g  

a c i d s , L e w i s  acids and acyl h a l i d e s  a re v e r y  active. 

In d u s t r i a l l y ,  c o ntrol of the e x o t h e r m i c  r e a c t i o n  is a c h i e v e d  

b y  r e g u l a t i o n  of c a t a l y s t  c o n c e n t r a t i o n  and t e m p e r a t u r e .  T h e 

m e c h a n i s m  of r e s i n i f i c a t i o n  h a s  b e e n  inferred, in p a r t  at 

least, b y  i d e n t i f i c a t i o n  of the i n t e r m e d i a t e  p r o d u c t s  formed. 

The i n i t i a l  and p r e d o m i n a n t  r e a c t i o n  is i n t e r m o l e c u l a r  

d e h y d r a t i o n  (see p.ll). T h i s  leads to h i g h e r  m o l e c u l a r  

w e i g h t  c o n d e n s a t i o n  p r o d u c t s  in w h i c h  furan rings are l i nked 

t o g e t h e r  b y  m e t h y l e n e  b r i d g e s  in a l i n e a r  chain. To a s m all  

extent, f u r f u r y l  e t h e r  is als o  formed. F o r m a l d e h y d e ,  

r e s u l t i n g  f r o m  t h e r m a l  d e c o m p o s i t i o n  is always found in the 

r e a c t i o n  mixture. Some h y d r o l y t i c  f i s s i o n  can a lso be 

i n f e r r e d  b a s e d  on i n f r a - r e d  evidence.

E x p e r i m e n t a l  e v i d e n c e  (13) i n d i c a t e s  tha t  f o r m a l d e h y d e  

form e d  d u r i n g  r e s i n i f i c a t i o n  may, u n d e r  a p p r o p r i a t e  

c o n d i tions, r e c o n d e n s e  w i t h  the i n t e r m e d i a t e  products, a n d  

this is o ne w a y  b y  w h i c h  the chains c an b e c o m e  c h e m i c a l l y  

cross linked. Finally, cross l i n k i n g  may o c c u r  b y  a 

m e c h a n i s m  i n v o l v i n g  the n u c l e a r  d o u b l e  bonds d u r i n g  the l a t e r  

c u r i n g  stages. This e x p l a i n s  the h i g h  degree of c h e m i c a l  

i n e r t n e s s  of the t h e r m a l l y  set resin. F ig 2.10 i l l u s t r a t e s  

the li n k a g e s  most l i k e l y  p r e s e n t  in c u r e d  F.A. p o l y m e r s ;  it 

is not i n t e n d e d  to r e p r e s e n t  the u n i t  p o l y m e r  itself.
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F i g  2.10 C r o s s l i n k i n g  in P o l y f u r f u r y l  A l c o h o l

2.3 P y r o l y s i s  of Pol y m e r s

2.3.1 P y r o l y s i s  of o r g a n i c  m a t e r i a l s

It h as b e e n  k n o w n  (14) for ove r  80 years that the 

t h e rmal d e c o m p o s i t i o n  of h y d r o c a r b o n s  upon a h o t  su r f a c e  

tends to d e p o s i t  c a r b o n  of a m o r e  or less g r a p h i t i c  nature. 

This was t h e  ' g l a n c e 1 coal of the early e l e c t r i c a l  b r u s h  

m a n u f a c t u r e r s  or F o u c a u l t ' s  'deposited c a r b o n  from gas 

retorts' (15).

Retort carbon, or 'glance' coal, is a dense form of 
carbon produced by the deposition of carbon in the upper part 
of the retorts during the manufacture of coal and water gas.
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Because of its high price and d i f f iculty of manufacture, 

retort carbon only found use in the electrical industry where 

its p r o p e r t i e s  could b e s t  be exploited. H o rton (16) studied 

the ki n e t i c s  of "pyrolytics" formed during oxidation and 

o t h e r  w o r k e r s  such as B r o w n  and W a t t  (17) reported on the 

p r e p a r a t i o n  of p y r o lytics by the b r e a k d o w n  of h y d r o c a r b o n  

gases at various temperatures. The d ependence on temperature 

of the d e n s i t y  of the carbon d e p osited from methane was 

r e p orted (18) and the e l e c trical and thermal- properties of. 

s i m ilar m a t erials from b e n z e n e  hav e  been studied (19).

W o r k e r s  then b e g a n  to turn their a t t e n t i o n  towards 

carbons p r o d u c e d  from the b r e a k d o w n  of larger organic 

compounds, the py r o l y s i s  tempe r a t u r e s  b e i n g  1000 - 1500°C. 

Pirani a n d  F e hse (20) s t u d i e d  the p roperties of carbons 

p r o d u c e d  at 1500°C and 2000°C. C a r b o n  fil aments wer e  heated 

in carbon tetrachloride, b e n z e n e  h e x a c h l o r i d e  and p e t r o l e u m  

s p i r i t  at various temperatures. C r y s t a l l i n e  deposits of 

graphite w e r e  formed.

F u r t h e r  d e v e l o p m e n t s  in the field of pyrolytics occured 

w ith the p r o d uction of g l a s s - l i k e  carbon b y  the thermal 

d e c o m p o s i t i o n  of 3 - d i m e n s i o n a l l y  c r o s s linked polymers (21) 

'Glass-like', or 'amorphous' carbon appeared as c ommercially 

a v a i l a b l e  p r o ducts in the e a rly sixties u n d e r  the 

d e s i g n a t i o n s  of 'glassy-carbon' and 'Vitreous-carbon'

(22-25). M o s t  scientific investigations w e r e  concerned w i t h  

the p r o p e r t i e s  of this special form of carbon whereas only a 

few p a p e r s  dealt w i t h  the f o r m ation of g lass-like carbon from 

w ell d e f i n e d  raw materials.
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D a v i d s o n  and L o s t y  (26) d e v e l o p e d  a p r o cess b y  which 

m a s s e s  of cellulose fibres w e r e  a g g l o m e r a t e d  and c a r b onized  

t o  f o r m  e l e c t r i c a l l y  c o n d u c t i n g  g l a s s y  c a rbon a r t e f a c t s  w i t h  

a l m o s t  z e r o - p e r m e a b i l i t y  to all g a s e s  and the a b ility to 

w i t h s t a n d  savage chemical a t tack and very h i g h  temperatures. 

P h e n o l  f o r m aldehyde p o l ymers are c i t e d  as starting materials 

for v i t r e o u s  carbon (24, 25). O t a n i  (27) used PVC ’’pitch" 

c r o s s l i n k e d  by  oxygen a n d  B r a d s h a w  (28) d e s cribed the 

f o r m a t i o n  of g l a s s-like carbons from aromatics. Ishikawa 

(29) p r e p a r e d  amorphous carbon f r o m  p o l y f u r f u r y l  alcohol 

r e s i n s .

Generally, w h e n  p o l y m e r s  are h e a t e d  in an inert 

a t m o s p h e r e  reactions take place i n i t i a l l y  w i t h i n  the C-C 

chain. T h e s e  i n t r a m o l e c u l a r  r e a c t i o n s  result in one of three  

p o s s i b i l i t i e s :

(i) The chains degrade into small m o l ecules and the 

p r o d u c t s  are evolved as gases l e a v i n g  little or no carbon 

behind. An example of this b e h a v i o u r  is shown b y  

p o l y e t h y l e n e .

(ii) The chains collapse to f orm aromatic lamellae and so 

m o v e  into a plastic phase from w h i c h  the lamellae stack 

a b o v e  e ach other to form s p h e r u l i t i c  liquid crystals - 

t h e  s o - c a l l e d  'mesophase' (30). T h e  result is a 

c r y s t a l l i n e  anistropic coke w h i c h  on  h e a t i n g  to 2 7 0 0 °C 

w i l l  s o f t e n  to a gr a p h i t e  material, a n  example of a 

p o l y m e r  e x h i b i t i n g  this b e h a v i o u r  is P o l y v i n y l  Chloride.
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(iii) T h e  chains r e m a i n  i n t a c t  and m e r e l y  c o a l e s c e  w i t h  

n e i g h b o u r s ;  the m a t e r i a l  does not pass t h r o u g h  a p l a s t i c  or 

liqu i d  state. The final c h a r  is i s o t r o p i c  if the p r e c u r s o r  

m a t e r i a l  is i s o t r o p i c  a n d  can be  a n i s o t r o p i c  if the p r e c u r s o r  

m a t e r i a l  is a n i s o tropic. In b o t h  cases the m a t e r i a l  is not 

g r a p h i t i z a b l e  when h e a t e d  to 2 7 0 0 °C and r e m a i n s  r e l a t i v e l y  

hard. An  e x a m p l e  of this is p o l y v i n y l i d e n e  chloride.

If p u r e  p o l ymers a re used, the c a r bons p r o d u c e d  in 

cases (ii) a nd (iii) f orm d i s t i n c t  g r oups w i t h  v e r y  d i f f e r e n t  

p r o p e r t i e s .  However, if we i n c o r p o r a t e  such carbons as 

c a r b o n  b l a c k  and graphite, c o m p o s i t e  m a t e r i a l s  w i t h  

i n t e r m e d i a t e  p r o p e r t i e s  a r e  a p p a r e n t  w h i c h  m a k e s  the g r o u p i n g  

d i f f icult. The m e c h a n i s m s  of p y r o l y s i s  an d  c a r b o n i z a t i o n  are 

not f u l l y  u n d e r s t o o d  b e c a u s e  it is v e r y  d i f f i c u l t  to 

d e t e r m i n e  the c r y s t a l l o g r a p h i c  and c h e m i c a l  s t r u c t u r e  of 

i n t e r m e d i a t e s  e x i s t i n g  d u r i n g  the c a r b o n i z a t i o n  process.

In general, w h e n  p o l y m e r s  of t y p e  (iii), of w h i c h  

p o l y f u r f u r y l  a l c o h o l  is a n  example, a r e  p y r o l i s e d  the 

f o l l o w i n g  stages of s t r u c t u r a l  changes are noted.

1. T h e  p r e - c a r b o n i z a t i o n  stage: The m a t e r i a l s  turn

b l a c k  at an e a r l y  stage, u s u a l l y  at the very b e g i n n i n g  

of a regime of r a pid w e i g h t  loss, o r  d u r i n g  

p r e - o x i d a t i o n  w h e n  line a r  c o n j u g a t e d  c a r b o n  - c a r b o n  

s y s t e m s  start to form. A l l  loose m o l e c u l e s  such as 

excess m o n o m e r  or s o l v e n t  are volat i l i s e d .
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2. The c a r b o n i z a t i o n  regime: T h i s  is a r e g i m e  of rapid

w e i g h t  loss, t y p i c a l l y  b e t w e e n  300 an d  5 0 0 °C in w h i c h  

oxygen, n i t r o g e n  and c h l o r i n e  etc., a r e  removed. The 

b a c k - g r o u n d  a b s o r p t i o n  in the i n f r a - r e d  g r a d u a l l y  

i n c r e a s e s  as the c o n j u g a t e d  s y s t e m s  g et longer. At  a n y  

g i ven t e m p e r a t u r e  the p r o c e s s  m a y  be stopped, the tim e  

t a k e n  to a c h i e v e  a w e i g h t  loss c h a r a c t e r i s t i c  of the 

t e m p e r a t u r e  b e i n g  of the o r d e r  of minutes. This is 

a s c r i b e d  to the i n c r e a s i n g  d i f f i c u l t y  in e l i m i n a t i n g  

m o l e c u l e s  as s t r a i n  e n e r g y  is b u i l t  up in the p o l y m e r i c  

n e t w o r k  w i t h  the inc r e a s e  in c r o s s l i n k i n g  b e t w e e n  

chains. The r e s u l t  is a l o ose n e t w o r k  of l i n e a r  

c o n j u g a t e d  sy s t e m s  w h i c h  a r e  i s o l a t e d  e l e c t r o n i c a l l y  

from each other.

3. D e h y d r o g e n a t i o n :  at  the end of stage 2 the m a t e r i a l  

still c o n t a i n s  typically, one h y d r o g e n  for e v e r y  two 

c a r b o n  atoms, w h i c h  c o r r e s p o n d s  to the f o r m u l a  of an 

a r o m a t i c  l a d d e r  polymer. Thus there exists a t h i r d  

r e g i m e  b e t w e e n  500 and 1 2 0 0 ° C  in  w h i c h  h y d r o g e n  is 

g r a d u a l l y  eliminated, the h y d r o g e n : c a r b o n  r a t i o  b e i n g  a 

c h a r a c t e r i s t i c  of a g i v e n  h e a t - t r e a t m e n t  t e m p e r a t u r e .

T he e l e c t r i c a l  c o n d u c t i v i t y  i n c r e a s e s  r a p i d l y  as 

s e p a r a t e  c o n j u g a t e d  s y s t e m s  b e c o m e  i n t e r c o n n e c t e d  to 

form a c o n d u c t i n g  network. T he density, h a r d n e s s  and 

s t i f f n e s s  increase, the d a m p i n g  and p e r m e a b i l i t y  d e c r ease.
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2.3.2 C a r b o n  y i e l d  o f  p o l y m e r s

The c a r b o n  y i e l d  of a p o l y m e r  can be found b y  h e a t i n g  

a k n o w n  w e i g h t  of the p o l y m e r  in an inert a t m o s p h e r e  at a 

g i v e n  t e m p erature, a n d  w e i g h i n g  the carbon residue. Th e  

c a r b o n  y i e l d  is t h e n  the r a tio of the a m o u n t  of the c a r b o n  

r e s i d u e  to the i n i t i a l  w e i g h t  a n d  the c o n v e r s i o n  e f f i c i e n c y  

is the ratio of the w e i g h t  of c a r b o n  in the r e s i d u e  to the 

a m o u n t  of c a r b o n  in the o r i g i n a l  resin.

M a n y  lon g  c h a i n  p o l y m e r s  b r e a k d o w n  c o m p l e t e l y  into 

g a s e o u s  products. M a d o r s k y  (31) s h o w e d  that p o l y e t h y l e n e  at 

o n e  ex t r e m e  and PTF E  at the o t h e r  leave no c a r b o n  residue. 

P o l y v i n y l  f l u o r i d e  (CH2 C H F ) n  a n d  p o l y t r i f l u o r o e t h y l e n e  

(CHF C F 2 )n als o  leave v e r y  l i t t l e  residue, b u t  (CF2 C H 2 )n 

leaves 30% c a r b o n  r e s i d u e  by  w e i g h t  w h i c h  a c c o u n t s  for all 

th e  c a r b o n  o r i g i n a l l y  p r e s e n t  in the polymer.

M a c k a y  (32) d e t e r m i n e d  th e  c a r b o n  y i e l d  for a w h o l e  

r a n g e  of p o l y m e r s  (cf. T a b l e  1) a n d  came to the c o n c l u s i o n  

t h a t  carbon y i e l d  c a n n o t  be p r e d i c t e d .  L i n e a r  p o l y m e r s  s u c h  

as p o l y s t y r e n e  or p o l y - p - x y l e n e ,  e v e n  t h o u g h  h a v i n g  a h i g h  

d e g r e e  of a r o m a c i t y ,  give low c a r b o n  yields. L i n e a r  p o l y m e r s  

of p o l y f u r f u r y l  a l c o h o l  and p o l y p h e n y l e n e  o x i d e  w i t h  a r o m a t i c  

g r o u p s  i n t e r - s p e r s e d  w i t h  e t h e r  linkages p r o v i d e  good c a r b o n  

yields. C o n v e r s i o n  e f f i c i e n c y  for PFA, f or example, was a 

h i g h  90.5%.

C a r b o n  y i e l d  does not s e e m  to be i n f l u e n c e d  by w h e t h e r  

the p o l y m e r  is t h e r m o p l a s t i c  or t h e r m o s e t t i n g ,  linear or 

c r o s s l i n k e d ,  b u t  w h e t h e r  it is c a p a b l e  of cycl i z a t i o n ,  r i n g  

f u s s i o n  or c h a i n  c o a l e s c e n c e  at the onset of c a r b o n i z a t i o n .
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In general, the resins s h o u l d  hav e  a h i g h  d e g r e e  of 

a r o m a c i t y  and h i g h  m o l e c u l a r  weight. There s h ould be no m o r e  

t h a n  one c a r b o n  a t o m  b e t w e e n  a r o m a t i c  rings, b e c a u s e  c h a i n  

s c i s s i o n s  will take p l ace l e ading to v o l a t i l a z a t i o n  of the 

f r a g m e n t a l  p a rts - w i t n e s s e d  in a low y i eld from 

p o l y - p - x y l e n e .

N i t r o g e n  s h o u l d  be in the ring s t r u c t u r e  and not in the 

chain. For example, p o l y b e n z i m i d a z o l e  is more s t a b l e  and 

p r o v i d e s  h i g h e r  c a r b o n  yields t h a n  a m i n e - c u r e d  e p o x y  resins. 

O t h e r  e l e ments such as s u l p h u r  do not affect the s t a b i l i t y  of 

the p o l y m e r s  b ut do result in l o w e r  c a rbon y i e l d s  and low 

c o n v e r s i o n  e f f i c i e n c y .  All p h e n o l i c  polymers e x c e p t  t h ose in 

w h i c h  the p a r a  p o s i t i o n  is b l o c k e d  b y  e i t h e r  a p h e n y l  or 

m e t h y l  group are g o o d  c a r b o n  f o r m i n g  materials.

P o l y m e r i c  p r e c u r s o r s  C a r b o n  y i e l d  (%)

Coal tar p i t c h e s
P e t r o l e u m  f r a c t i o n s  
P o l y v i n y l  c h l o r i d e  
P h e n o l - f o r m a l d e h y d e

P h e n o l - b e n z a l d e h y d e  
O x i d i z e d  p o l y s t y r e n e  
P o l y f u r f u r y l  a l c o h o l  
P o l y v i n y l  a l c o h o l

E p o x i d i z e d  P h e n o l - f o r m a l d e h y d e
52
50
37
55
50
50

H igh
Y i e l d s

P o l y a c r y l o n i t r i l e  
P o l y v i n y l i d e n e  c h l o r i d e  
C e l l u l o s e

44
25
20

P o l y b u t y l e n e  R u b b e r  
C e l l u l o s e  a c e t a t e  
M e l a m i n e  f o r m a l d e h y d e

10
10

P o l y v i n y l  a c e t a t e
E t h y l  c e l l u l o s e
A  t y p i c a l  E p o x y  r e s i n
A c r y l o n i t r i l e  - s t y r e n e  c o - p o l y m e r
P o l y s t y r e n e
P o l y a m i d e s
Polyi s o b u t y l e n e
P o l y e t h y l e n e
P o l y m e t h y l m e t h a c r y l a t e

5

N e g  If gible 
Y i e l d s

T a b l e  2.1. C a r b o n  y i e l d s  of va r i o u s  p o l y m e r i c  p r e c u r s o r s  (2).
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2.3.3 D e t a i l e d  C h e m i s t r y  of t he P y r o l y s i s  of P o l y f u r f u r y l  

A l c o h o l

Data for the d e t e r m i n a t i o n  of the c h e m i s t r y  of 

p y r o l y s i s  are p r o v i d e d  b y  t h e r m o - g r a v i m e t r i c  a n a l y s i s  

( T . G . A . ), t h e r m o - v o l u m e t r i c  a n a l y s i s  (T V A ), d i f f e r e n t a l  

t h e r m a l  an a l y s i s  (DTA), a n a l y s i s  of g a s e o u s  pro d u c t s ,  and b y  

a r r e s t i n g  the p y r o l y s i s  at v a r i o u s  stages to a n a l y s e  the 

residue. The t e c h n i q u e s  and the r e s u l t s  on the t h e r m a l  

d e g r a d a t i o n  of o r g a n i c  p o l y m e r s  are d e s c r i b e d  b y  M a d o r s k y  

(33).

R a t h e r  v a r i a b l e  data on c a r b o n  yields r e s u l t i n g  f r o m  

the p y r o l y s i s  of p o l y f u r f u r y l  a l c o h o l  are r e p o r t e d  in the 

l iterature. F i t z e r  a n d  S c h a f e r  (34), e m p l o y i n g  h e a t i n g  r a tes 

of b o t h  12 and 3 0 ° C / h r  for t e m p e r a t u r e s  up to 1 0 0 0 °C o b t a i n e d  

a 61% c a r b o n  yield, w h e r e a s  O z a n n e  (35) u s i n g  a h e a t i n g  rate  

of 1 5 0 ° C / h r  to 9 0 0°C o b s e r v e d  o n l y  50%. On the o t h e r  h a n d  

O ' N e i l  et al (36) u s i n g  h e a t i n g  r a tes b e t w e e n  420 a nd  

5 4 0 ° C / h r  to a final t e m p e r a t u r e  of 9 5 0 °C found a h i g h  c a r b o n  

r e s i d u e  of 59%. T h e s e  d i f f e r e n c e s  are t h o u g h t  to be c a used  

b y  a d i f f e r e n c e  in the a m o u n t  of c r o s s l i n k a g e  in the resins 

t e s t e d  (34).

On  the b a s i s  of all the d a t a  ava i l a b l e  the m e c h a n i s m  

for the p y r o l y s i s  of p o l y f u r f u r y l  al c o h o l  (I) is s h o w n  in F i g  

2.11. T he p r i m a r y  p y r o l y s i s  p r o d u c t  is water, b e i n g  formed 

f r o m  the free h y d r o x y l  groups. S u b s e q u e n t l y  the m e t h y l e n e  

b r i d g e s  rupture, f o r m i n g  C H 4 as a b y - p roduct, a nd the furan 

r i n g  is o p e n e d  (II). The latter p r o c e s s  is r e c o g n i s e d  by t h e  

r e l e a s e  of c a r b o n  monoxide, c a r b o n  dioxide and a g a i n  water.

It is n o t  p o s s i b l e  to give a d e f i n i t e  f o r m u l a t i o n  of the 

i n t e r m e d i a t e  stages. A c c o r d i n g  to the o b s e r v e d  CO f o r m a t i o n  

the f u ran ring is stable up to a p p r o x i m a t e l y  2 7 5 °C.
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B e t w e e n  300 and 4 0 0 °C the ir. b a n d  of the C - O - C  b o n d  of the 

furan ring, at a w a v e  length of 5.85 [im, loses its intensity, 

due to the r u p t u r e  of the f u r a n  ring. In the gas analysis, 

this t e m p e r a t u r e  is c h a r a c t e r i z e d  by  a m a x i m u m  in the f i r s t  

c a r b o n  m o n o x i d e  f o r m a t i o n  as w e l l  as b y  r e l e a s e  of water. A  

q u a n t i t a t i v e  c a l c u l a t i o n  r e v e a l s  that, t a k i n g  int o  a c c o u n t  

the h y d r o x y l  g r o u p  d e c o m p o s i t i o n  to water, h a l f  the f u r a n  

r i n g  o x y g e n  m u s t  be r e l e a s e d  as water. The o t h e r  h a l f  is 

l i b e r a t e d  as c a r b o n  monoxide.

At  4 0 0 °C, n e w  ir. b a n d s  b e g i n  to a p p e a r  w h i c h  i n d i c a t e  

the b e g i n n i n g  of a b u i l d  u p  of a r o m a t i c  systems. T h ese 

a r o m a t i c  s y s tems are f o rmed s p o n t a n e o u s l y  fro m  the f r a g m e n t s  

of the f u r a n  rings. T h e y  h a v e  als o  b e e n  i d e n t i f i e d  b y  B r a u n  

(37) u s i n g  D i a m o n d ' s  X - r a y  p r o f i l e  analysis.

A t  t e m p e r a t u r e s  above 4 5 0 °C a r e a c t i o n  of p y r o l y s i s  

w a t e r  w i t h  r e m a i n i n g  m e t h y l e n e  b r i d g e s  o c c u r s  ((III) in fig 

2.11). This s e c o n d a r y  r e a c t i o n  to form a l k a n o n e  g r oups is 

r e a d i l y  r e c o g n i s e d  from the d e c r e a s e  in the f o r m a t i o n  of 

w a t e r  above 4 5 0 °C. In the same t e m p e r a t u r e  range, the 

f o r m a t i o n  of m e t h a n e  ceases b e c a u s e  of the o x i d a t i o n  of the 

m e t h y l e n e  b r i d g e s  and s i g n i f i c a n t  am o u n t s  of h y d r o g e n  a re 

released. A b o v e  4 6 0 °C the c a r b o n y l  groups li b e r a t e  c a r b o n  

m o n oxide, l e a d i n g  to a h i g h l y  u n s a t u r a t e d  a r o m a t i c  C - H  

r e s i d u e  (IV) c a p a b l e  of f o r m i n g  c r o s s l i n k e d  a r o m a t i c  

s y s t e m s .

D u r i n g  p y r o l y s i s  p o l y f u r f u r y l  alcohol ex h i b i t s  a r o u n d  

20% l i n e a r  s h r i n k a g e  (34). T h i s  shr i n k a g e  c o r r e s p o n d s  to the 

k n o w n  b e h a v i o u r  o b s e r v e d  d u r i n g  the p r o d u c t i o n  of c o m m e r c i a l  

a m o r p h o u s  c a r b o n  p r o d u c t s  (38).
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T h e  d e n s i t y  of the c a r b o n  p r o d u c e d  is 1.55 g c m ~ 3 .

W h e n  c o m p a r i n g  this b u l k  d e n s i t y  w i t h  tha t  of g r a p h i t e  (2.267 

g c m " ^ ) a d i f f e r e n c e  of 30% a p p e a r s  w h i c h  m u s t  be  a t t r i b u t e d  

to a d i f f e r e n t  s t r u c t u t a l  a r r a n g e m e n t  (cf. s e c t i o n  2.5). 

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  does not r e veal a n y  pores. 

X - r a y  small a n gle s c a t t e r i n g  c a r r i e d  out on a s a m p l e  h e a t  

t r e a t e d  to 1 2 0 0 °C r e v e a l e d  a u n i f o r m  p o r o s i t y  of 

a p p r o x i m a t e l y  25A (39). It h a s  a l s o  b e e n  s h o w n  (34) t hat a 

v a r i a t i o n  of the d e g r e e  of c r o s s l i n k i n g  in the s t a r t i n g  

m a t e r i a l s  w i l l  a f f e c t  the c o n s e c u t i v e  c h e m i c a l  steps of the 

d e c o m p o s i t i o n  and the f o r m a t i o n  of g a s e o u s  b y - p r o d u c t s .  A 

d e c r e a s e  in the a m o u n t  of c r o s s l i n k i n g  w i l l  d i m i n i s h  the 

c a r b o n  y i e l d  in the r e s i d u e  b y  p r o m o t i n g  the f o r m a t i o n  of lo w 

m o l e c u l a r  w e i g h t  compounds.
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2.4 The S t r u c t u r e  of A m o r p h o u s  C a r b o n

2.4.1 C h a n g e s  in the s t r u c t u r e  of the r e s i n  d u r i n g

c a r b o n i s a t i o n

K l u g  a n d  A l e x a n d e r  (40) u s e d  X - r a y  d i f f r a c t i o n  a n d  

i n f r a - r e d  s p e c t r o s c o p y  to f o l l o w  the changes in s t r u c t u r e  

d u r i n g  c a r b o n i z a t i o n  in p o l y m e r i c  systems. The o r i g i n a l  

p r e c u r s o r s  w e r e  all p o l y m e r i c  resins w i t h  a s t r u c t u r e  

d i f f i c u l t  to analyse. The X - r a y  d i f f r a c t i o n  p a t t e r n s  of 

resi n s  h e a t  t r e a t e d  to t e m p e r a t u r e s  up  to 3 0 0 °C w e r e  

i d e n t i c a l  to those of the same resi n s  at r o o m  tempe r a t u r e ,  

f r o m  w h i c h  they c o n c l u d e d  t h a t  the s t r u c t u r e  of the r e s i n  

does not change s i g n i f i c a n t l y  up to this tempe r a t u r e .  As 

the t e m p e r a t u r e  wa s  increased, fro m  350 t o w a r d s  5 0 0 °C, the 

X - r a y  d i f f r a c t i o n  p e aks b e c a m e  b r o a d e r  and more a s s y m etric. 

I n f r a - r e d  s p e c t r o s c o p y  s u g g e s t e d  the f o r m a t i o n  of 

i n t e r m o l e c u l a r  c r o s s - l i n k s  as the c h ain p o l y m e r  is c o n v e r t e d  

into a n a r r o w  r i b b o n  of a r o m a t i c  m o l e c u l e s  linked w i t h  

c a r b o n  - c a r b o n  bonds. V e r y  little change o c c u r r e d  in the 

d i f f r a c t i o n  p a t t e r n  on i n c r e a s e d  h e a t i n g  to 1 0 0 0 °C. It 

a p p e a r e d  therefore, tha t  the s t r u c t u r e  of the final c a r b o n  

w a s  e s s e n t i a l l y  o n l y  a m i n o r  m o d i f i c a t i o n  of the m a t e r i a l  

p r o d u c e d  at 5 0 0 °C.

Som e  w o r k e r s  h a v e  s u g g e s t e d  the p r e s e n c e  of small  

regions of t h r e e - d i m e n s i o n a l l y  o r d e r e d  m a t e r i a l  w i t h i n  the 

v i t r e o u s  carbon. It is post u l a t e d ,  t h a t  t h e r e  are m i n u t e  

areas w h e r e  the c a r b o n  ri b b o n s  w i l l  c o n d e n s e  s u f f i c i e n t l y  

to p r o d u c e  small c r y s t a l l i t e s  w i t h  a g r a p h i t e  layer 

structure. However, very little i n f o r m a t i o n  on this h a s  

b e e n  p u b l i s h e d  and n o - o n e  has e v e r  r e p o r t e d  c r y s t a l l i t e s  of 

a s i g n i f i c a n t  size or number.
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F i s h b a c h  and K o t l e n s k y  (41) and N o d a  and I n a g a k i  (42, 

43) s h o w e d  that g r a p h i t i z a t i o n ,  that is to say the 

d e v e l o p m e n t  of a g r a p h i t e - l i k e  l a y e r  structure, p r o c e e d s  in 

g l a s s y  carbon w i t h  i n c r e a s i n g  h e a t  treatment. H o w e v e r  the 

s m a l l  c r y s t a l l i t e  sizes o b s e r v e d  in the c o m m e r c i a l  v i t r e o u s  

c a r b o n s  s t u d i e d  (largest c r y s t a l l i t e  size o b s e r v e d  a f t e r
a

h e a t  t r e a t m e n t  to 3 0 0 0 °C w as < 8 5 A  ) s u g g e s t e d  tha t  

t h r e e - d i m e n s i o n a l  o r d e r i n g  does not take place.. In fact, 

n o  (hkl) lines are g e n e r a l l y  d e t e c t e d  b y  X - r a y  d i f f r a c t i o n  

e ven a f t e r  the m o s t  p r o l o n g e d  a n n e a l i n g  i.e. the s t r u c t u r e  

of the m a t e r i a l  is e s s e n t i a l l y  random.

The r e s i n  h e a t - t r e a t e d  to 5 0 0 ° C  c o n s i s t s  of n a r r o w  

r i b b o n s  of c o n d e n s e d  a r o m a t i c  m o l e c u l e s  w h i c h  are t a n g l e d  

a nd c o i l e d  in a c o m p l i c a t e d  manner* these r i b b o n s  are 

l i n k e d  w i t h  m o d i f i e d  m e t h y l e n e  b r i d g e s  w h i c h  re s u l t s  in a 

t h r e e - d i m e n s i o n a l  n e t w o r k  s tructure. P y r o l y s i s  above 5 0 0 °C 

i n v o l v e s  the r e m o v a l  of h y d r o g e n  w h i c h  g r a d u a l l y  re l e a s e s  

the in t e r n a l  s t r a i n  e n e r g y  in the n a r r o w  ribbons. However, 

thi s  r e l a x a t i o n  is r e s t r i c t e d  b y  the strong b o n d s  b e t w e e n  

the ribbons.

X - r a y  p r o f i l e s  of sy s t e m s  h e a t - t r e a t e d  above 5 0 0 °C 

s h o w  s t r o n g  s m a l l - a n g l e  s c a t t e r i n g  w h i c h  i n d i c a t e s  tha t  

the m a t e r i a l  c o n t a i n s  a large p r o p o r t i o n  of fine pores.

T his occurs b e c a u s e  the t a n g l e d  and h i g h l y  s t r a i n e d  r i b b o n s 

c a n n o t  fill space e fficiently. O p t i c a l  m i c r o s c o p y  c a nnot 

d e t e c t  a n y  m a c r o s c o p i c  p o res and there is no e v i d e n c e  of 

texturing. P o l a r i z e d  l i g h t  m i c r o s c o p y  and X - r a y  

d i f f r a c t i o n  t e x t u r e  s t u dies do n ot reveal any a n i s o t r o p y  

w h i c h  infers tha t  the n a r r o w  r i b bons of a r o m a t i c  m o l e c u l e s  

are not d r a w n  s t r a i g h t  and p a r a l l e l  in a c e r t a i n  d i r e c t i o n  

b u t  are quite r a n d o m l y  o r i e n t a t e d .



27

2.4.2 X - r a y  small a n g l e  s c a t t e r i n g

S m a l l  angle X - r a y  s c a t t e r i n g  arises from the p r e s e n c e  

of h e t e r o g e n e i t i e s  in solid m a t r i c e s  (44). This type of 

a n a l y s i s  is ideal for g l a s s y  c a r b o n s  since a l t h o u g h  they 

are i m p e r m e a b l e  to gases, t h e i r  l o w  d e n s i t i e s  s u g g e s t  t h e y  

a r e  v e r y  porous. A m o r p h o u s  c a r b o n  shows p r o n o u n c e d  

s c a t t e r i n g  of X - r a y s  at small a n g l e s  w h i c h  is a t t r i b u t a b l e  

to f l u c t u a t i o n s  of the e l e c t r o n  d e n s i t y  on a l a r g e r  scale 

than that of i n t e r a t o m i c  d i s t a n c e s  (45). G u i n i e r  a nd 

F o u r n e t  p l o t t e d  the L o g a r i t h m  of the X - r a y  s c a t t e r i n g  

i n t e n s i t y  (I) a g a i n s t  the s q u a r e  of the s c a t t e r i n g  a n g l e  

(E ). Th e  slope w a s  g i v e n  b y  , w h e r e  X is the

X - r a y  w a v e l e n g t h  a n d  R the r a dius of g y r a t i o n  of the 

s c a t t e r i n g  p a r t i c l e s  o r  voids. T h i s  law is o b e y e d  by 

s y s t e m s  c o n t a i n i n g  p a r t i c l e s  or voids of a p p r o x i m a t e l y  

e q ual size in a h o m o g e n e o u s  matrix.

Such m e a s u r e m e n t s  w e r e  m a d e  by  A.C. C r a i e v i c h  (2) 

u s i n g  s p e c imens of a p h e n o l i c  r e s i n  p y r o l y s e d  to v a r ious  

t e m p e r a t u r e s  b e t w e e n  500 a nd 1 0 0 0 °C.

H e a t - t r e a t m e n t  
t e m p e r a t u r e / ° C

D e n s i t y / g e m  3 , . 0R a d i u s / A  of p o res

500 1.14 —
600 1.17 4.2
700 1.26 4. 7
800 1.43 7.0
900 1.52 7.9
1000 1.55 8.4

T a b l e  2.2: The v a r i a t i o n  of p o r e  size and d e n s i t y  w i t h  the 

t e m p e r a t u r e  of p y r o l y s i s  of a p h e n o l i c  resin.
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He found t h a t  in all cases a line a r  p o r t i o n  of t h e  G u i n i e r  

p l o t  w a s  m e a s u r a b l e  b e t w e e n  E = 1° an d  E = 2.3°. F o r  E < 1 °  

the slope of the curves i n c r e a s e d  v e r y  rapidly. This w as  

a t t r i b u t e d  to the p r e s e n c e  of l a r g e r  voids w i t h  d i a m e t e r s  

g r e a t e r  t h a n  5 0 0 A  or, perhaps, b e c a u s e  the voids are v e r y  

v e r y  flat o b l a t e  elli p s o i d s .  J e n k i n s  and W a l k e r  (46) 

o b t a i n e d  s i m i l a r  r e s u l t s  and n o t e d  t h a t  the size  

d i s t r i b u t i o n  of m i c r o p o r e s  is v e r y  narrow.

T a b l e  2.2 shows t he v a r i a t i o n  of the r a dius of pores

w i t h  h e a t - t r e a t m e n t  t e m p e r a t u r e ,  t o g e t h e r  w i t h  the d e n s i t y

of the carbon. It can be seen t h a t  i n c r e a s e s  in R

c o r r e l a t e  w i t h  i n c r e a s e s  in density; this is p o s s i b l y

b e c a u s e  d e h y d r a t i o n  d r aws t o g e t h e r  t he m i c r o f i b r i l s  d u r i n g

the p y r o l y s i s  r e g i m e  e l i m i n a t i n g  a s u b s t a n t i a l  p r o p o r t i o n

of small voids to leave a r e s i d u a l  p o p u l a t i o n  of voids w i t h
0

an  a v e r a g e  d i a m e t e r  of 8.4A.

2.4.3 T h e  s t r u c t u r e  of a m o r p h o u s  c a r b o n

S t u d i e s  of the p r o c e s s  of c a r b o n i z a t i o n  s u g g e s t  t hat 

g l a s s y  c a r b o n  c o n s i s t s  of c o n d e n s e d  ar o m a t i c  r i b b o n  

mole c u l e s ,  r a n d o m l y  o r i e n t e d  and t a n g l e d  in a c o m p l i c a t e d  

manner. T he h i g h  r e s i s t a n c e  to g r a p h i t i z a t i o n  of g l a s s y  

c a r b o n  shows tha t  the c o n f i g u r a t i o n  of these r i b b o n s  is 

v e r y  stable. S e v e r a l  q u e s t i o n s  a r i s e  on the d e t a i l e d  

s t r u c t u r e  of g l a s s y  carbon; firstly, w h e t h e r  the s t r u c t u r e  

is t w o - d i m e n s i o n a l  as in g r a p h i t e  or t h r e e - d i m e n s i o n a l  as 

in a glass, and secondly, w h e t h e r  the fully f o r m e d
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a m o r p h o u s  c a r b o n  c o n t a i n s  the t e t r a h e d r a l  sp3 h y b r i d s  (in 

w h i c h  all four b o n d i n g  e l e c t r o n s  are a b s o r b e d  into four 

e v e n l y  s p a c e d  o r b i t a l s ) in a d d i t i o n  to t r i g o n a l  s p 2 h y b r i d s  

(in w h i c h  t h r e e  e l e c t r o n s  a re a b s o r b e d  in a s y m m e t r i c a l  

p l a n a r  h y b r i d i z e d  o r b i t a l  system, the e x t r a  e l e c t r o n  

b e i n g  in the free p s t ate and a v a i l a b l e  for fo r m i n g  a 

s u b s i d i a r y  7T bond).

The p o s s i b i l i t y  of c a r b o n  b e i n g  p r e s e n t  in 

d i a m o n d - l i k e  s t r u c t u r e s  of t e t r a h e d r a l  c a r b o n  atoms is 

d i s c u s s e d  b y  E r g u n  and T i e n s u u  (47), E r g u n  and A l e x a n d e r  

(48) a nd K a k i n o k i  et al (49). The p r e s e n c e  of suc h  

s t r u c t u r e s  is t a k e n  as an e x p l a n a t i o n  for the e x t r e m e 

r e s i s t a n c e  of g l a s s y  c a r b o n s  to g r a p h i t i z a t i o n .  N o d a  a nd  

I n a g a k i  (43) c a r r i e d  out e l e c t r o n  d i f f r a c t i o n  w o r k  in w h i c h  

t h e y  c l a i m e d  t hat d i a m o n d  a n d  g r a p h i t e  are p r e s e n t  in equal 

amounts. F u r u k a w a  (50) c r i t i c i z e d  this v i e w  and p r o p o s e d  a 

cubic m o d e l  w i t h  an a v e r a g e  c o - o r d i n a t i o n  n u m b e r  for e a c h  

a t o m  and a m i x t u r e  of single, d o u b l e  and triple b o n d s  to 

p r o d u c e  a t h r e e - d i m e n s i o n a l  network.

K a k i n o k i  (51) m o d i f i e d  the m o d e l  of N o d a  and I n a g a k i  

w i t h  the a d d i t i o n  of o x y g e n  b r i d g e s  b e t w e e n  t r i g o n a l  an d 

t e t r a h e d r a l  carbon. F r o m  t h e i r  studies of the s p e c i f i c  

h e a t  of g l a s s y  carbon, T a k a h a s h i  a n d  W e s t r u m  (52) p r o p o s e d  

t h a t  the m a t e r i a l  is e s s e n t i a l l y  t w o - d i m e n s i o n a l .  H a l p i n  

a nd J e n k i n s  (53) found t h a t  g l a s s y  c a r b o n  h a s  a layer  

s t r u c t u r e  formed b y  the s t a c k i n g  of a r o m a t i c  mol e c u l e s .
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It is p o s s i b l e  to v i e w  d i r e c t l y  the e s s e ntial layer

s t r u c t u r e  in g l a s s y  c a r b o n  w i t h  an el e c t r o n  m i c r o s c o p e  if

the m a g n i f i c a t i o n  and r e s o l v i n g  p o w e r  are s u f f i c i e n t l y

high. L ow r e s o l u t i o n  e l e c t r o n  m i c r o g r a p h s  of a m o r p h o u s

c a r b o n  sho w  t h a t  the edges c o n s i s t  of a n e t w o r k  of s t rings
• 0

or m i c r o f i b r i l s ,  the t h i c k n e s s  of w h i c h  is a b o u t  30A. E a c h

s t r i n g  is c o n s i d e r e d  to be a s t ack of g r a p h i t e - l i k e  r i b b o n

molecules. It is also p o s s i b l e  to make out m i c r o p o r e s

c r e a t e d  w h e n  the strings for m  a n e t w o r k  structure. The

d i a m e t e r  of the p o res h a s  b e e n  e s t i m a t e d  to be b e t w e e n  5 
o

a nd 10A, c o m p a r a b l e  to t h a t  c a l c u l a t e d  from X - r a y  small 

a n gle scattering.

H i g h  r e s o l u t i o n  e l e c t r o n  microscopy, e m p l o y i n g  the

p h a s e  c o n t r a s t  t e c h nique, c a r r i e d  out b y  J e n k i n s  et al (54)

s h o w e d  tha t  o n l y  short range o r d e r  exists in the

structure. The s y s t e m  is m a d e  up of stacks of two-

d i m e n s i o n a l  r i b b o n - l i k e  m o l e c u l e s ,  r e m i n i s c e n t  of fibrils

in c r y s t a l l i n e  p o l ymers. The fibrils are r a n d o m l v

o r i e n t a t e d  and t a n g l e d  in a c o m p l i c a t e d  manner. The h e i g h t

of a stack of r i b b o n - l i k e  m o l e c u l e s  was e s t i m a t e d  to be up 
0

to 40A. E l e c t r o n  m i c r o g r a p h s  of the s u r f a c e  of the

m a t e r i a l  s h o w  the c o n t i n u i t y  of the m i c r o f i b r i l s  to form  
\

loops p r o j e c t i n g  f rom the surface. O r i e n t a t i o n  is r a n d o m  

and fr a c t u r e  o c c u r s  at the i n t e r f i b r i l l a r  boundary. Mo 

loose ends are apparent, w h i c h  w o u l d  e x p l a i n  the c h e m i c a l  

i n e r t n e s s  of g l a s s y  carbon. In the interior, the m a t e r i a l  

re t a i n s  its e s s e n t i a l  r a n d o m n e s s  and m i c r o f i b r i l  

c o n t i nuity. T h e r e  are i n d i c a t i o n s  that the w i d t h  of the 

layers can be q u i t e  large locally.
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This is a t t r i b u t e d  to the p r e s e n c e  of m a n y  

c o n f l u e n c e s  in the r i b b o n  n e t w o r k  where n e i g h b o u r i n g  

ribbons m e r g e  to form a much w i d e r  ribbon locally.

F e rret a n d  Ruland (i'3 2.) s u g g e s t e d  that the ca v i t y -  

a p e r t u r e  s y s t e m  is a d i r e c t  r e s u l t  of stacks of r i b b o n ­

s h a p e d  c a r b o n  layers. Points of close a p p roach of the 

r i b bons c r e a t e  the ape r t u r e s .  T he changes o b s e r v e d  d u ring 

the d e v e l o p m e n t  of the p ore s t r u c t u r e  (as o b s e r v e d  b y  

C r a i e v i c h  and J e n k i n s  and W a l k e r )  are mos t  m a r k e d  b e t w e e n  

970 and 1 5 0 0 °G and t h o u g h t  to be due to the final stages of 

c h e m i c a l  d e g r a d a t i o n  of the c a r b o n i z e d  polymer. U s i n g  w i d e  

a n g l e  X - R a y  scattering, W i g n a l l s  and Pings {/3s ) showed t h a t  

the b a s i c  a t o m i c  a r r a n g e m e n t  w i t h i n  the ribbons was tha t  of 

h e x a g o n a l  g r a p h i t e - l i k e  s h e e t s  w i t h  no g r a p h i t i c  

r e g i s t r a t i o n  b e t w e e n  the sheets. E r gun and S c h e h l  (/3^) m a d e  

a d e t a i l e d  a n a l y s i s  of the F o u r i e r  t ransforms of the ( (k) 

r e f l e c t i o n s  a nd d e d u c e d  t h a t  the h e x a g o n a l  rings are 

s e v e r e l y  d i s t o r t e d  m a k i n g  it v i r t u a l l y  i m p o s s i b l e  to d e f i n e  

the two d i m e n s i o n a l  lattice. T h e y  w e r e  f u r t h e r  able to s h o w  

that w h i l e  s t a c k i n g  of the layers is extensive, it is f a u l t y
ow i t h  a m e a n  s p a c i n g  b e t w e e n  faults of ^  21A. Ergun (/;35)

u s e d  a p r o f i l e  m a t c h i n g  t e c h n i q u e  to show tha t  there is a \
large a m o u n t  of  s t r a i n  in the m a t e r i a l  b e c a u s e  of folds in 

the r i bbon s t r u cture. T h e s e  folds c o n s t i t u t e  faults in the

t w o - d i m e n s i o n a l  lattice.
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Fig 2.12

A s c h e m a t i c  s t r u c t u r a l  m o d e l  for a m o r p h o u s  carbonic.
\

C o n s i d e r i n g  all the i n f o r m a t i o n  available, a t h r e e -  

d i m e n s i o n a l  s t r u c t u r a l  m o del for iso t r o p i c  g l a s s y  c a r b o n  is 

s h o w n  in F i g  2.12. T h i s  is a h i g h l y  s i m p l i f i e d  v e r s i o n  as 

in r e a l i t y  the fibrils are p a c k e d  much more c l o s e l y  t o g e t h e r  

to form a t i g h t e r  mass. T h e r e  are two types of c o n f l u e n c e s  

i l l u s t r a t e d  w i t h i n  the n e t w o r k  of m i c r o f i b r i l s .  S t r o n g
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c o n f l u e n c e s  o c c u r  w h e r e  r i b b o n s  m e r g e  into each other, and 

w e a k  c o n f l u e n c e s  w h e r e  r i b b o n s  overlap.

It can be assumed, then, t h a t  the p r o d u c t i o n  of 

d i s o r d e r e d  a m o r p h o u s  c a r b o n  b y  the h e a t  t r e a t m e n t  of 

t h e r m o s e t t i n g  po l y m e r s ,  in the r e g i o n  b e t w e e n  400 and 

1 0 0 0 °C, p r o c e e d s  b y  the p r o g r e s s i v e  c o a l e s c e n c e  of 

s t a b i l i s e d  p o l y m e r  chains. T h i s  de f i n e s  the c a r b o n i z a t i o n  

process. The f i nal s t r u c t u r e  is laid down at the s t art of 

t he coale s c e n c e ,  b u t  is o n l y  a t t a i n e d  p r o g r e s s i v e l y  as the 

t e m p e r a t u r e  is r a i s e d  b e c a u s e  of the i n c r e a s i n g  d i f f i c u l t y  

in o r d e r i n g  as the m e c h a n i s m  p r o c e e d s .  T h i s  d i f f i c u l t y  c a n  

be a t t r i b u t e d  to the c o m p e t i t i o n  b e t w e e n  a d j a c e n t  p o l y m e r  

chains, thu s  h a m p e r i n g  the a t t a i n m e n t  of the final c o n d e n s e d  

structure.

The g l a s s y  c a r b o n  r e s i d u e  from the p y r o l y s i s  h a s  a 

m i c r o s t r u c t u r e  w h i c h  is l a t h - l i k e  and c o n t a i n s  a s i g n i f i c a n t  

v o l u m e  of m i c r o p o r e s  as i n d i c a t e d  b y  its l ow d e n s i t y  of 

a r o u n d  1.5gcm~3. The m a t e r i a l  is n o n - g r a p h i t i z i n g ,  

c h a r a c t e r i z e d  b y  i n t e r l a y e r  s e p a r a t i o n  ( dgo2 ) alwa y s  l a r g e r  

t h a n  that of g r a p h i t e  (55). A l t h o u g h  a m o r p h o u s  c a r b o n  

c o n t a i n s  a large v o l u m e  of pores, the y  are n e i t h e r  o b s e r v e d  

by  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  nor by  c o n v e n t i o n a l  gas 

a b s o r p t i o n  m e t h o d s  of c h a r a c t e r i z a t i o n  (21). B o t h  N 2 

c o n d e n s a t i o n  a n d  BE T  a b s o r p t i o n  m e a s u r e m e n t  i n d i c a t e  

n e g l i g i b l e  p o r e  s u r f a c e  a r e a  ( < 1 0 m 2 c m ~ 3 ) s h o w i n g  tha t  the 

p o r e s  are not i n t e r c o n n e c t e d  (56). Small a n g l e  X - R a y  

s c a t t e r i n g  and la t t i c e  image studies showed t h a t  the 

m i c r o s t r u c t u r e  h a s  a h e t e r o g e n e i t y  a s s o c i a t e d  w i t h  p o r o s i t y

o n  the scale of a nanometre.
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2 .4.4 H i g h e r  T e m p e r a t u r e  T r e a t m e n t s  of V i t r e o u s  C a r b o n  

The d e n s i t y  of g l a s s y  c a r b o n  d e c r e a s e s  w h e n  it is 

h e a t e d  above its p r o c e s s  t e m p e r a t u r e  of 1000°C. T h e  

d e c r e a s e  is g r e a t e r  the m o r e  the h e a t  t r e a t m e n t  t e m p e r a t u r e  

e x c e e d s  the p r o c e s s  t e m p e r a t u r e  (56, 57). F i s c h b a c h  and 

R o r a b a u g h  (58) e x p e r i m e n t e d  on  s e v e r a l  d i f f e r e n t  g l a s s y  

c a r b o n  m a t e r i a l s  and c o n c l u d e d  t h a t  80 to 90% of  the d e n s i t y  

d e c r e a s e  r e s u l t e d  from v o l u m e  e x p a n s i o n  and the r e m a i n d e r  

w a s  a t t r i b u t e d  to w e i g h t  loss. T h e y  s u g g e s t e d  t h a t  the 

v o l u m e  e x p a n s i o n  r e s u l t e d  f rom i n t e r n a l  p r e s s u r e  g e n e r a t e d  

b y  the c o n t i n u e d  e v o l u t i o n  of v o l a t i l e  p y r o l y s i s  p r o d u c t s  

and, perhaps, the r e l e a s e  of a b s o r b e d  m a t e r i a l  w i t h i n  the 

c l o s e d  p o r e  system. Thus, for s l o w  h e a t i n g  rates a n d / o r  

t h i n  samples, t h e r e  is e n o u g h  t i m e  for the gases to d i f f u s e  

o u t  as t h e y  are generated, so t h a t  the i n c r e a s e  in i n t e r n a l  

p r e s s u r e  and the a s s o c i a t e d  v o l u m e  i n c r e a s e  is small. On  

the o t h e r  hand, at h i g h  h e a t i n g  rates, or w i t h  thick 

samples, p r e s s u r e  large e n o u g h  to cause a large v o l u m e  

i n c r e a s e  or f r a c t u r e  w o u l d  be g e n e rated. B r a g g  and Bose 

(59) o b t a i n e d  s i m i l a r  r e s ults b u t  a r g u e d  tha t  a l t h o u g h  the  

g as p r e s s u r e  m o d e l  for the d e n s i t y  d e c r e a s e  in g l a s s y  c a r b o n  

can operate, it does not a c c o u n t  for all of the d e c r e a s e  

b e c a u s e  the p y r o l y s i s  is v i r t u a l l y  c o m p l e t e  at the 

p r o c e s s i n g  t e m p e r a t u r e .  T h e y  h y p o t h e s i z e d  t h a t  the d e n s i t y  

d e c r e a s e  is due to the v o l u m e  e x p a n s i o n  of p o r e s  c a u s e d  b y  

a n i s o t r o p i c  l a t t i c e  t h e r m a l  strains. A. r o ugh c a l c u l a t i o n  of 

t he t h e r m a l  s t r e s s e s  w i t h i n  the m a t e r i a l  at h i g h  t e m p e r a t u r e  

s h o w e d  the same o r d e r  of m a g n i t u d e  as the f a i l u r e  stress of
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o
g r a p h i t e  in the p r e s e n c e  of 10A G r i f f i t h  flaws - c o m p a r a b l e  

to the size of the p o res p r e sent. T h e y  c o n c l u d e d  t h a t  th e  

c o a r s e n i n g  of p o r o s i t y  was due to the r u p t u r e  of p o r e  edges 

due to t h e r m a l  stress, w h i c h  a l s o  e x p l a i n e d  w h y  the c h a n g e  

is not r e v e r s i b l e  on cooling.

F r o m  t h e i r  expe r i m e n t s ,  S a x e n a  a n d  B r a g g  (55) s h o w e d  

t h a t  the e v o l u t i o n  of the s t r u c t u r e  of g l a s s y  c a r b o n  w i t h  

i n c r e a s e d  h e a t  t r e a t m e n t  t e m p e r a t u r e  goes t h r o u g h  three 

d i f f e r e n t  stages. Up to 1 5 0 0 ° C  t he m a t e r i a l  u n d e r g o e s  a 

s e t t l i n g  d o w n  process, w i t h  the c o m p l e t i o n  of d e h y d r o g e n a t i o n  

t h o u g h t  to o c c u r  at a r o u n d  1 5 0 0 ° C  (60). T h e  s e cond r e g i o n
o

is c h a r a c t e r i z e d  b y  a c o n s t a n t  v a lue of dgo2 3. 4 4 A  a nd 

i n v o l v e s  a r e l i e f  of the i n t e r n a l  stress w i t h i n  the 

structure. F i s c h b a c h  (61), in h i s  creep s t u d i e s  on v i t r e o u s  

carbon, n o t e d  that, as a r e s u l t  of s h r i n k a g e  d u r i n g  

p y r o l y s i s ,  the m a t e r i a l  h a s  h i g h  i n t ernal s t r e s s e s  w h i c h  a r e  

r e l i e v e d  s l i g h t l y  w i t h  h i g h e r  h e a t  t r e a t m e n t  t e m p e ratures. 

Also, w h i l e  t r y i n g  to i n t e r c a l a t e  g l a s s y  c a r b o n  w i t h  K in a 

g a s e o u s  a t m o s p h e r e ,  the m a t e r i a l  w a s  r e d uced to a fine 

powder. The e x p l a n a t i o n  p r o p o s e d  was the p r e s e n c e  of 

i n t e n s e  f r o z e n  s t r e s s e s  w i t h i n  the c a r b o n  w h i c h  w e r e  

a b r u p t l y  r e l i e v e d  (62). In the t h i r d  stage the s t r u c t u r e  

s l o w l y  evolves t o w a r d  the ideal g r a p h i t e  s t r u c t u r e  and 

l i m i t e d  g r a p h i t i z a t i o n  takes place. Even at 2 8 0 0 °C,
o

h o w e v e r ,  the v a l u e  of dgo2 is 3 . 4 0 A  w h i c h  is s t ill
O

s i g n i f i c a n t l y  l a r g e r  t h a n  the i d e a l  3.35A. It w o u l d  a p p e a r  

t h a t  the m a t e r i a l  is m e t a s t a b l e  in its d i s o r d e r e d  form. 

T h e r m o d y n a m i c  e v i d e n c e  for this h a s  b e e n  g i v e n  in the w o r k  

of Das (63).
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M e h r o t r a  et al (64) s u m m a r i s e d  the h i g h e r  t e m p e r a t u r e  

b e h a v i o u r  of v i t r e o u s  c a r b o n  w i t h  the f o l l o w i n g  

c o n c l u s i o n s .  T h e  d e n s i t y  and w e i g h t  of g l a s s y  c a r b o n  

decrease, w i t h  i n c r e a s e  in h e a t  t r e a t m e n t  temp e r a t u r e ,  w h i l e  

t he v o lume increases. The w e i g h t  loss r e a c h e s  a p l a t e a u  at 

a r o u n d  2 0 0 0 °C, w h i l e  the d e n s i t y  d e c r e a s e  and volume i n c r e a s e  

s h o w  a q u a d r a t i c  t e m p e r a t u r e  d e p e n d e n c e .  T y p i c a l  v a l u e s  of 

d e n s i t y  decrease, w e i g h t  loss a nd v o lume e x p a n s i o n  at  2 7 0 0 °C 

a r e  12.4, 1.9 and 10.2% r e s p e c t i v e l y .  The w e i g h t  loss is 

n o t  the m a j o r  c a use of d e n s i t y  d e c r e a s e  a n d  is t h o u g h t  to 

o c c u r  due to the r e l ease of r e s i d u a l  h y d r o g e n .  The d e n s i t y  

d e c r e a s e  is s h o w n  to be m a i n l y  due to v o l u m e  e x p a n s i o n  t h a t  

c a n  be a t t r i b u t e d  to gas p r e s s u r e  for h e a t  t r e a t m e n t  

t e m p e r a t u r e  up to 1 6 0 0 °C and to r e l i e f  of t h e r m a l  s t r e s s  

a b o v e  1600°C. T he m e c h a n i s m  r e s p o n s i b l e  for the p e r m a n e n t  

d i m e n s i o n a l  c h ange is s u g g e s t e d  to be r a t c h e t - l i k e  (65), 

w h e r e i n  the n e w  m i c r o s t r u c t u r e  formed d u r i n g  h e a t i n g  is not 

r e a r r a n g e d  d u r i n g  cooling.
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2.5 V i t r e o u s  C a r b o n  C o m p o s i t e s

C o m m e r c i a l  g l a s s y  c a r b o n  p r o d u c t s  are g e n e r a l l y  

f a b r i c a t e d  fro m  a m i x t u r e  of c a r b o n a c e o u s  f i l l e r  such as 

p e t r o l e u m  coke, p i t c h  coke/ n a t u r a l  graphite, etc., and a 

c a r b o n a c e o u s  b i n d e r  eg. coal t ar p i t c h  or p o l y f u r f u r y l  

a l c o h o l  (6 6 ). T he mixture, a f t e r  b e i n g  s h a p e d  b y  

c o m p r e s s i o n  m o u l ding, e x t r u s i o n  or  some o t h e r  forming 

p r o c e s s  into an a r t e f a c t  of the d e s i r e d  s h a p e  and size, is 

f i red in a n o n - o x i d i s i n g  a t m o s p h e r e  to p r o d u c e  a rigid 

c a r b o n  p r o d u c t  (67). W a t t  et al (6 8 ) used n a t u r a l  g r a p h i t e  

and p o l y f u r f u r y l  a l c o h o l  to m a n u f a c t u r e  c a r b o n  a r t e f a c t s  for 

use as h i g h  t e m p e r a t u r e  h e a t  e x c h a n g e r s  w i t h  v e r y  low 

p e r m e a b i l i t y  to gases for the n u c l e a r  industry. This w o r k  

was also a p p l i e d  to i m p e r m e a b l e  crucibles, h e a t  e x c h a n g e r s  

a nd e l e c t r o d e s  for the c h e m i c a l  and m e t a l l u r g i c a l  

i ndustries. G l a s s y  c a r b o n  a r t e f a c t s  h a v e  a l s o  found 

e m p l o y m e n t  in the d e f e n c e  i n d u s t r y  (1 1 ), e l e c t r o n i c s  (69) 

a nd b i o r e p l a c e m e n t s  (70, 71, 72) to name b u t  a few.

The c h a r a c t e r i s t i c s  of c a r b o n / c a r b o n  c o m p o s i t e s  of 

this type are d e t e r m i n e d  b o t h  b y  t h eir m i c r o  a n d  

m a c r o s t r u c t u r e .  T he m i c r o s t r u c t u r e  d e pends m a i n l y  on  the 

types of m a t e r i a l s  u s e d  as the f i ller and binder, and t h e i r  

r e l a t i v e  p r o p o r t i o n s .  The m a c r o s t r u c t u r e  a f f e c t s  m a n y  of 

the p r o p e r t i e s  w h i c h  are i m p o r t a n t  to industry, such as 

d e n s i t y  and s t r e n g t h  etc., a nd is d e t e r m i n e d  b y  the 

s e l e c t i o n  of the c o n d i t i o n s  of prepa r a t i o n .  A  great deal of  

i n v e s t i g a t i o n  has b e e n  d one into the m i c r o s t r u c t u r e  of 

ca r b o n s  b ut v e r y  little c o n c e r n i n g  the m a c r o s t r u c t u r e ,  e x c e p t  

the w o r k  b y  M r o z o w s k i  (73) and h i s  c o l l a b o r a t o r s  (74, 75,

7 6 ) .
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A  formed c a r b o n  m i x t u r e  b e f o r e  h e a t  t r e a t m e n t  is 

c a l l e d  'green'. T h e  m i x t u r e  of the g r een c a r b o n  d e t e r m i n e s  

t he p h e n o m e n a  d u r i n g  the f o l l o w i n g  p r o c e s s e s  and the 

p r o p e r t i e s  of the final product. T h e  mos t  e f f e c t i v e  f a c t o r  

d e t e r m i n i n g  the n a t u r e  of the g r e e n  c a r b o n  is the b i n d e r  

c o n tent. Okada a n d  T a k e u c h i  (67) w e r e  able to s h o w  t hat the 

s t r e n g t h  of p o l y f u r f u r y l  a l c o h o l / n a t u r a l  g r a p h i t e  c o m p o s i t e s  

e x h i b i t s  a m a x i m u m  for a d e f i n i t e  b i n d e r  content. Moreover,  

k n o w i n g  t h a t  the d e n s i t y  of the m a t e r i a l  d e p e n d s  on its 

b i n d e r  content, t h e y  w e r e  able to use t h e i r  r e s u l t s  to 

i l l u s t r a t e  the u s e f u l n e s s  of M r o z o w s k i ' s  t h e o r e t i c a l  formula 

r e l a t i n g  m e c h a n i c a l  s t r e n g t h  a n d  b i n d e r  c o n t e n t : -

S = Sod0y(d-do) (2 1}
w h e r e  S = S t r e n g t h  of c o m p o s i t e  

S o = S t r e n g t h  of f i ller 

do = f i l l e r  d e n s i t y  

( d - d o ) =  d e n s i t y  of b i n d e r

y = e m p i r i c a l  f a c t o r  f o und from e x p t l . data.

U s i n g  d i f f e r e n t i a l  t h e r m a l  analysis, W e w e r k a , W a l t e r s  and 

M o o r e  (77) show e d  h o w  the i n t e g r i t y  of the c o m p o s i t e  is 

i m p r o v e d  w i t h  i n c r e a s e  of b i n d e r  r e s i n  p o l y m e r i z a t i o n  

(v i s c o s i t y ),i n d i c t i n g  that b e n e f i c i a l  effects s h o u l d  r e s u l t  

b y  u s i n g  b i n d e r  r e s i n  of the h i g h e s t  p r a c t i c a l  d e g r e e  of 

p o l y m e r i z a t i o n .  D i c k i n s o n  a n d  W e w e r k a  (78) s t u d i e d  

p o l y f u r f u r y l  a l c o h o l  as a binder. U s i n g  gel p e r m e a t i o n  

chromat o g r a p h y ,  t h e y  w e r e  able to c h a r a c t e r i z e  the c o m p l e x
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s t r u c t u r e s  of the resins in terms of m o l e c u l a r  size 

d i s t r i b u t i o n s .  A  b i n d e r  r e s i n  w i l l  a f f e c t  the p r o p e r t i e s  of 

the c o m p o s i t e  d i r e c t l y  b y  v i r t u e  of its i n t e r a c t i o n  w i t h  

f i l l e r  p a r t i c l e  s u r f a c e s  and b y  its b e h a v i o u r  d u r i n g  

c a r b o n i s a t i o n ,  and als o  i n d i r e c t l y  b y  a f f e c t i n g  f a b r i c a t i o n  

v a r i a b l e s  suc h  as the e a s e  of m i x i n g  the b i n d e r  w i t h  the 

f i l l e r  and the p r e s s u r e  r e q u i r e d  f or extrusion. T h e y  w e r e  

able to s h o w  t h a t  c e r t a i n  p h y s i c a l  c h a r a c t e r i s t i c s  of a c i d -  

p o l y m e r i s e d  f u r f u r y l  a l c o h o l  r e s i n  binders, such as t h e i r  

v i s c o s i t i e s  and m o l e c u l a r  size d i s t r i b u t i o n s ,  can g r e a t l y  

a f f e c t  the e x t r u s i o n  and p h y s i c a l  p r o p e r t i e s  of c o m p o s i t e s  

mad e  f rom them. Th e  m e c h a n i c a l  and p h y s i c a l  p r o p e r t i e s  of 

the c o m p o s i t e  c an be i m p r o v e d  b y  p o l y m e r i s i n g  the r e s i n  to 

an o p t i m u m  v i s c o s i t y  if c o m p a t i b l e  w i t h  f a b r i c a t i o n  

c o n d i t i o n s .  T his o p t i m u m  occu r s  because, a l t h o u g h  a h i g h  

b i n d e r  v i s c o s i t y  is p r e f erred, if t he v i s c o s i t y  is too h i g h  

it ca n  lead to c r a c k i n g  d u r i n g  h e a t  treatment. T he m o n o m e r  

c o n t e n t  s h o u l d  be k e p t  to a m i n i m u m  and p o l y m e r i s a t i o n  

c o n d i t i o n s  c h o s e n  such as to r e s u l t  in a n a r r o w  m o l e c u l a r  

size d i s t r i b u t i o n .

F u r t h e r  w o r k  b y  D i c k i n s o n  and W e w e r k a  c o m p a r e d  acid 

a n d  T a l u m i n a  p o l y m e r i s e d  f u r f u r y l  a l c o h o l  as b i n d e r s  in 

C a r b o n  R e i n f o r c e d  C a r b o n  (CRC) c o m p o s i t e s  (79). T h e y  found 

t h a t  the aci d  p o l y m e r i s e d  b i n d e r  was b e t t e r  for two reasons; 

(1) it h a d  a n a r r o w e r  m o l e c u l a r  size d i s t r i b u t i o n  and (2) it 

c o n t a i n e d  a r e l a t i v e l y  large a m o u n t  of small p o l y m e r i s a b l e  

m o l e c u l e s .  Thus, t h e y  w e r e  able to show tha t  not o n l y  is it 

n e c e s s a r y  for a s u p e r i o r  b i n d e r  r e s i n  to h a v e  a s u i t a b l e



m o l e c u l a r  size d i s t r i b u t i o n ,  the r e s i n  m u s t  also be c o m p o s e d  

of l o w  mw. m o l e c u l e s  t hat are c a p a b l e  of f u r t h e r  

p o l y m e r i s a t i o n  d u r i n g  h e a t  t r e a t m e n t  , otherwise, samp l e  

i n t e g r i t y  will be d a m a g e d  by the v o l a t i l i s a t i o n  of an 

e x c e s s i v e  a m o u n t  of s m a l l  m o l e c u l e s  d u r i n g  the c u r i n g  and 

c a r b o n i z a t i o n  of the resin.

A n  i n v e s t i g a t i o n  of s y n t h e t i c  b i n d e r s  for c a r b o n  and 

g r a p h i t e  b y  Riesz a n d  S u s m a n  (80) s h o w e d  t hat d u r i n g  t h e r m a l  

d e g r a d a t i o n  a b i n d e r  s h o u l d  p r o v i d e  a m a x i m u m  d e g r e e  of 

s u r f a c e  r e a c t i v i t y  in o r d e r  to e s t a b l i s h  an i n t i m a t e  d e g r e e  

of c o n t a c t  w i t h  the filler, w h i c h  e n a b l e s  the b i n d e r  to form 

c o n t i n u o u s  i n t e r - p a r t i c u l a t e  b r i d g e s ;  it is for t his r e a s o n  

t h a t  p o l y f u r f u r y l  a l c o h o l  p o s s e s s e s  such e x c e l l e n t  b i n d i n g  

p r o p e r t i e s .  W i n slow, M a t r e y e k  and Y a g e r  (81) c a r r i e d  out a 

d e t a i l e d  a n a l y s i s  of s e v e r a l  b i n d e r s  and s u g g e s t e d  t h a t  

f u r f u r y l  a l c o h o l  m a y  d e v e l o p  its b i n d e r  p r o p e r t i e s  as a 

r e s u l t  of its u n u s u a l l y  h i g h  c a r b o n  to h y d r o g e n  ratio 

f o l l o w i n g  t h e r m a l  d e g r a d a t i o n .

C/H “ 5/6 Hx / H
C— C

M  — " ■

C/H=54  h A /  £ 0H C/h=5/2
pH H “ I [TL h HY -f v VC — (Y

II II
- c  c — c - -C  C— C-V  A J n

1 1

Fig 2.13 C/ H  r a t i o  of f u r f u r y l  alcohol, p o l y m e r  a n d

p y r o l y s i s  residue.
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W h i l e  t his is an o v e r - s i m p l i f i c a t i o n ,  it is e v i d e n t  t h a t  a 

h i g h l y  r e a c t i v e  c a r b o n a c e o u s  r e s i d u e  is form e d  w h i c h  can 

b e c o m e  in t e g r a l  w i t h  the b u l k  c a r b o n  structure.

It h a s  b e e n  o b s e r v e d  (21) t h a t  a d d i t i o n  of n a t u r a l  

g r a p h i t e  as a f i l l e r  i n c r e a s e s  the b u l k  d e n s i t y  of g l a s s y  

c a r b o n  a f t e r  h e a t  t r e a t m e n t .  H o w ever, the p e r m e a b i l i t y  is 

i n c r eased. Fig 2 . 1 4  d e p i c t s  the d e n s i t y  d u r i n g  h e a t  

t r e a t m e n t  for a p u r e  f u r f u r y l  a l c o h o l  r e s i n  and a r e s i n  

c o n t a i n i n g  10% of n a t u r a l  g r a p h i t e  filler. T h e  d o t t e d  line 

r e p r e s e n t s  the d e n s i t y  c a l c u l a t e d  u n d e r  the a s s u m p t i o n  of 

s i m p l e  mi x i n g .  As can be seen, the a c t u a l  d e n s i t y  d u r i n g  

c a r b o n i z a t i o n  is lower. This b e h a v i o u r  can be e x p l a i n e d  b y  

a s s u m i n g  t h a t  the s h r i n k a g e  of the r e s i n  is h i n d e r e d  b y  the 

i n c o m p r e s s i b l e  filler. A f t e r  h e a t  t r e a t m e n t  a v e r y  h i g h  

d e n s i t y  w as found.

f r o m  p u r e  f u r f u r y l  a l c o h o l  and r e s i n  filled w i t h  1 0 % natural 

g r a p h i t e  as c o m p a r e d  to the c a l c u l a t e d  density.
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K a m i y a  and I n a g a k i  (82) m e a s u r e d  t h e r m a l  e x p a n s i o n  a l o n g  the 

c-axis of n a t u r a l  g r a p h i t e  flakes e m b e d d e d  in g l a s s y  c a r b o n  

i n  o r d e r  to e s t i m a t e  the s t r e s s  caused b y  the large 

d i f f e r e n c e  in t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  of n a t u r a l  

g r a p h i t e  and g l a s s y  carbon. S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  

of n a tural g r a p h i t e / g l a s s y  c a r b o n  c o m p o s i t e s  show e d  t h a t  the 

n a t u r a l  g r a p h i t e  flakes a d h e r e  t i g h t l y  to the g l a s s y  c a r b o n  

m a t r i x  and t h e r e  are no o b v i o u s  voids a r o u n d  the flakes.

T h e  t h e rmal e x p a n s i o n  of the n a t u r a l  g r a p h i t e  was found to 

be s u r p r e s s e d  w h e n  the flakes w e r e  e m b e d d e d  in g l a s s y  

carbon. T he o b s e r v e d  b e h a v i o u r  is c a used b y  the c o n s t r a i n t  

of the large c - axis e x p a n s i o n  of the n a t u r a l  g r a p h i t e  flake 

b y  the smaller, i s o t r o p i c  e x p a n s i o n  of the g l a s s y  c a r b o n  

matrix. The large s h r i n k a g e  of resins d u r i n g  c a r b o n i z a t i o n  

is t h o u g h t  to a s s i s t  the s t r e s s  a c c u m u l a t i o n  at the 

b o u n d a r i e s  b e t w e e n  the flakes a nd the matrix. The s t ress 

c r e a t e d  m a y  p r o m o t e  g r a p h i t i s a t i o n  of the g l a s s y  c a r b o n  and 

c o n s e q u e n t l y  b e c o m e  r e l a x e d  a f t e r  h e a t  t r e a t m e n t  above  

1 8 0 0 °C. A n  a b r u p t  g r a p h i t i s a t i o n  of n o n g r a p h i t i s i n g  carbons 

such as g l a s s y  c a r b o n  h as b e e n  noted under h i g h  p r e s s u r e s  

(greater t h a n  3 0 0 M N m “2) (60, 83). The r e p o r t e d  fact t h a t

g l a s s y  c a r b o n  is g r a p h i t i s e d  in the regions a r o u n d  the 

g r a p h i t e  flakes (2 1 ) c a n  be e x p l a i n e d  b y  the stress 

a c c u m u l a t i o n  s h o w e d  b y  K a m i y a  a n d  Inagaki.
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2 .6  M e c h a n i c a l  P r o p e r t i e s  a n d  t h e i r  M e a s u r e m e n t

The m e c h a n i c a l  p r o p e r t i e s  of a m a t e r i a l  d e t e r m i n e  the 

l i m i t a t i o n s  for s t r u c t u r a l  a p p l i c a t i o n s  w h e n  the m a t e r i a l  is 

r e q u i r e d  to s u s t a i n  a load (84).

2.6.1 E l a s t i c i t y

W h e n  a load is a p p l i e d  to a material, d e f o r m a t i o n  

o c curs due to a s l i g h t  c h a n g e  in spacing b e t w e e n  atoms. T h e  

load is d e f i n e d  in terms of s t r e s s  G and e x p r e s s e d  in units 

of M e g a - N e w t o n s  p e r  s q u a r e  m e t r e  (MNm-2). T h e  d e f o r m a t i o n  

is d e f i n e d  in terms of s t r a i n  6 and c a l c u l a t e d  as the r a t i o  

of e x t e n s i o n  to o r i g i n a l  l e n g t h  i.e.

It is g e n e r a l l y  e x p r e s s e d  as a ratio or a p e r c e n t a g e .  The 

a m o u n t  and type of s t r a i n  d e p e n d s  on the a t o m i c  b o n d  

strengths, the a p p l i e d  s t r e s s  and t e m p e r a t u r e .  Up  to a 

c e r t a i n  s t r e s s  limit for e a c h  m a t e r i a l  the s t r a i n  is 

r e v e r s i b l e ;  i.e., w h e n  the s t ress is removed, the a t o m i c 

s p a c i n g  r e t u r n s  to its o r i g i n a l  state and the s t r a i n  falls 

to zero. T h i s  p h e n o m e n a  is k n o w n  as e l a s t i c  d e f o r m a t i o n .  

T h e  s t r e s s  and s t r a i n  are r e l a t e d  b y  a s i m p l e  p r o p o r t ­

i o n a l i t y  con s t a n t .  F o r  t e n s i l e  stress,

(2 .2 ).

(2.3).

T h e  p r o p o r t i o n a l i t y  c o n s t a n t  is called the m o d u l u s  of 

e l a s t i c i t y  o r  Y o u n g ' s  m o d u l u s  (E). At a c e r t a i n  stress.
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w h i c h  d e p e n d s  on  the mat e r i a l ,  the s t r a i n  stops b e i n g  

r e v e r s i b l e  and one of two t h i n g s  can h a p p e n .  The m a t e r i a l  

w i l l  e i t h e r  y i e l d  and u n d e r g o  i r r e v e r s i b l e  (plastic) 

d e f o r m a t i o n  or f r a c t u r e  w i l l  occur.

A t  a m b i e n t  and i n t e r m e d i a t e  t e m p e r a t u r e s ,  g l a s s y  

c a r b o n  b e h a v e s  e l a s t i c a l l y  w i t h  no p l a s t i c  d e f o r m a t i o n  up t o  

fracture, as i l l u s t r a t e d  in Fig. 2.15. T h i s  is k n o w n  as 

"brittle" or "l i n e a r  e l a s t i c "  f r a c t u r e  a nd is the m o s t  

c r i t i c a l  c h a r a c t e r i s t i c  t h a t  m u s t  be c o n s i d e r e d  in d e s i g n  

for load b e a r i n g  a p p l i c a t i o n s .

STRAIN

Fig. 2.15. L i n e a r  e l a s t i c  s t r e s s  - s t r a i n  r e l a t i o n s h i p .

As s h o w n  in e q u a t i o n  (2.3) the m o d u l u s  of e l a s t i c i t y  E 

is the p r o p o r t i o n a l i t y  c o n s t a n t  r e l a t i n g  e l a s t i c  s t r e s s  and 

strain. It is b e s t  t h o u g h t  of in terms of the a m o u n t  of 

s t r e s s  r e q u i r e d  to p r o d u c e  u n i t  e l a s t i c  s t r a i n  and t h e r e f o r e  

a m e a s u r e  of the s t i f f n e s s  of the material.

E= 6
(2.4).
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If E is c o n s i d e r e d  on the a t o m i c  level in t e r m s  of t e n s i l e  

stress, the s t r o n g e r  the b o n d i n g ,  the g r e a t e r  the stre s s  

r e q u i r e d  to i n c r e a s e  the i n t e r a t o m i c  s p a c i n g  and the h i g h e r  

w i l l  be the v a lue of E. C e r a m i c  m a t e r i a l s  w i t h  s t r o n g  

c o v a l e n t  b o n d i n g  h a v e  the h i g h e s t  E values, e.g. diamond, BN 

a n d  SiC, and t h ose w i t h  w e a k  ionic b o n d i n g , s u c h  as N a C l , h a v e  

m u c h  lower E values. B ond strength, and t hus E, v a r i e s  in 

d i f f e r e n t  c r y s t a l l o g r a p h i c  d i r e c t i o n s .  In an e x t r u d e d  or 

f i b r o u s  m a t e r i a l  in w h i c h  the p o l y m e r / c a r b o n  chains are 

a r r a n g e d  in an axial d i r e c t i o n , t h e  Y o u n g ' s  M o d u l u s  w ill b e  

v e r y  m u c h  g r e a t e r  in this d i r e c t i o n  t h a n  a n y  other. In the 

case of a m o r p h o u s  carbon, the c o v a l e n t  bon d i n g ,  and h e n c e  E, 

is m u c h  g r e a t e r  in the r i b b o n  axis. W h e n  an  a m o r p h o u s  

c a r b o n  is form e d  s i m p l y  b y  p y r o l y s i n g  the c u red r e sin it is 

i s o t r o p i c , b e c a u s e  of the r a n d o m  r i b b o n  o r i e n t a t i o n .  If, 

h o w ever, the r e s i n  is e x t r u d e d  p r i o r  to f i r i n g  this 

a n i s o t r o p y  m u s t  be  t a k e n  i nto a c c o u n t  in d e s i g n  work.

C o m p o s i t e  m a t e r i a l s  w h i c h  are made up of more t h a n  o n e  

p h a s e  h a v e  a m o d u l u s  w h i c h  is i n t e r m e d i a t e  b e t w e e n  the 

m o d u l i  of the c o n s t i t u e n t s .  T h e  mo d u l u s  of the c o m p o s i t e  

c a n  be e s t i m a t e d  u s i n g  the la w  of m i x t ures:

E  = E a V a  + E b V b  ( 2 . 5 )

w h e r e  E q  and E b  are the e l a s t i c  m o d u l i  of the c o n s t i t u e n t s , 

an d  V q  and V b  are the v o l u m e  fractions.

T h i s  is a s i m p l i f i e d  r e l a t i o n s h i p  and s u i t a b l e  o n l y  for 

r o u g h  e stimates.
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P o r o s i t y  a lso a f f e c t s  Y o u n g ' s  Modulus, r e s u l t i n g  

a l w a y s  in a decrease. M a c k e n z i e  (85) d e r i v e d  a r e l a t i o n s h i p  

for e s t i m a t i n g  the m o d u l u s  of p o r o u s  m a t e r i a l s :

E = E o ( l - 1 . 9 P  + 0.9 P4 ) (2.6)

E o  = e l a s t i c  m o d u l u s  of n o n  p o r o u s  m a t e r i a l  

P = v o l u m e  f r a c t i o n  of pores

Thi s  r e l a t i o n s h i p  is v a l i d  for m a t e r i a l s  c o n t a i n i n g  up 

to 50% p o r o s i t y  and h a v i n g  a P o i s s o n ' s  r a t i o  of 0.3. 

P o i s s o n ' s  r a t i o  ( v ) is the r a t i o  of t h i c k n e s s  d e c r e a s e  

to length i n c r e a s e  due to a t e n s i l e  stress:

v = - At/t 
Ai/i

(2.7)

W h e r e  t = t h i c k n e s s  

1 = l e n g t h

T he m e t h o d  m o s t  c o m m o n l y  u s e d  to m e a s u r e  Y o u n g ' s  

M o d u l u s  i n v o l v e s  the d i r e c t  m e a s u r e m e n t  of s t r a i n  as a 

f u n c t i o n  of stress. W h e n  the re s u l t s  are p l o t t e d  E can b e  

c a l c u l a t e d  f r o m  the slope of the e l a stic p o r t i o n  of the 

c u r v e .

2.6.2 T h e o r e t i c a l  S t r e n g t h  o f  M a t e r i a l s

The t e r m  "strength" of a m a t e r i a l  is v e r y  a m b i g u o u s . 

It is g e n e r a l l y  use d  to d e s c r i b e  the stress at w h i c h  some 

c h a n g e  o c c u r s  in the m a t e r i a l  and as such r e q u i r e s  a
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m o d i f i e r  to be s p e c i f i c  e.g. t e n s i l e  strength, c o m p r e s s i v e  

strength, b e n d  strength, f r a c t u r e  str e n g t h  etc.

The " t h e o r e t i c a l  s t r e n g t h "  of a m a t e r i a l  is d e f i n e d  as 

the t e n s i l e  stre s s  r e q u i r e d  to b r e a k  a t o m i c  b o n d s  and p u l l  a 

s t r u c t u r e  apart. O r o w a n  (8 6 ) d e r i v e d  the f o l l o w i n g  e q u a t i o n  

for e s t i m a t i n g  t h e o r e t i c a l  s t r e n g t h  u n der t e n s i l e  loading.

a + h  s  ( E l .  ( 2 . 8 ) .

'  a o

W h e r e  (7th = t h e o r e t i c a l  s t r e n g t h  

E = Y o u n g ' s  M o d u l u s  

7  = f r a c t u r e  s u r f a c e  e n e r g y  

ao = i n t e r - a t o m i c  s p a c i n g

The t h e o r e t i c a l  s t r e n g t h  for c e r a m i c  m a t e r i a l s  varies, 

typically, f rom 0.1 to 0.2E. T h e r e  is a large d i s c r e p a n c y  

b e t w e e n  the t h e o r e t i c a l  f r a c t u r e  s t r e n g t h s  a nd the m e a s u r e d  

f r a c t u r e  s t r e n g t h s  ( q e n e r a l l y  a r o u n d  0.001 to 0.002E) of 

p r a c t i c a l  e n g i n e e r i n g  c e r a m i c s  (87). The r e a s o n  for this is 

t h a t  m o s t  s t r u c t u r a l  m a t e r i a l s  c o n t a i n  flaws or cracks t h a t  

are i n t r o d u c e d  e i t h e r  d u r i n g  f a b r i c a t i o n  or service. T he 

p r e s e n c e  of t h e s e  flaws r e s u l t s  in a l o c a l i s e d  c o n c e n t r a t i o n  

of the a p p l i e d  stress.

2 . 6 . 3  F u n d a m e n t a l s  of F r a c t u r e  M e c h a n i c s

U n d e r  v a r i o u s  c o m b i n a t i o n s  of stat i c  and a l t e r n a t i n g  

loads, and a r e a c t i v e  e n v i r o n m e n t ,  the flaws in a m a t e r i a l  

m a y  g r o w  s l o w l y  and stably. U n s t a b l e  f r a c t u r e  w i l l  o c c u r  in 

a s t r u c t u r e  w h e n  a flaw h as r e a c h e d  a c r i t i c a l  size.



4 8

The o r i g i n a l  a n a l y s i s  of the cr i t i c a l  s t r e s s  to 

p r o p a g a t e  cracks was carried out b y  G r i f f i t h  and p u b l i s h e d  

in  two c l a s s i c  p a p e r s  (5, 8 8 ). T h e  e s s e n t i a l  f e a t u r e  is the 

b a l a n c e  b e t w e e n  the e n e r g y  r e q u i r e d  to form two n e w  f r a c t u r e  

faces and the r e l e a s e d  e l a s t i c  s t r a i n  energy. C r a c k  tip 

p r o c e s s e s  and m i c r o m e c h a n i s m  of c r ack a d v a n c e  are not 

cons i d e r e d .

C o n s i d e r  the total c h a n g e  in e n e r g y  ( ^ W )  w h e n  a c r a c k  

of l e ngth 2 a is i n t r o d u c e d  i n t o  a n  i n f i n i t e  p l a t e  of u n i t  

t h i c k n e s s  w h i c h  is s u b j e c t e d  to an applied s t r e s s  cr .

(7

Fig. 2.16 T h i n  c r a c k  u n d e r  u n i a x i a l  t e n s i o n  (model used in

G r i f f i t h  a n a l y s i s )
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then, A W  = U + S

w h e r e  U = E l a s t i c  e n e r g y  out (2.9).

S = e n e r g y  in

S is the e n e r g y  r e q u i r e d  to c r eate two c r ack surfaces  

h a v i n g  s u r face e n e r g y  Ts p e r  unit area:

S = 4aYs (2 .10).

U is the d e c r e a s e  in e l a s t i c  s t r a i n  e n e r g y  a r i s i n g  

from the u n l o a d i n g  of the m a t e r i a l  is the v i c i n i t y  of the 

crack:

U  _  -  o ? i r - a z  ( 2 . 1 1 ) .

E'
W h e r e  E = E (Young's M o d u l u s )  for p l a n e  s t r e s s

= E for o l a n e  s t r a i n  ( V = P o i s s o n ' s

R a t i o )

For u n s t a b l e  c r a c k  p r o p a g a t i o n , o n e  needs 

the c h a n g e  in W  as a f u n c t i o n  of crack length.

o c o n s i d e r

If dAW
da C O

u n s t a b l e  c r a c k  p r o p a g a t i o n  w i l l  occur. T h e r e f o r e  for 

i n s t a b i l i t v

du_ + dS_ 0 (2-i2).
da da ""

- 2<72-7ra + £7s q

E'
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i n  the lim i t i n g  condition: (2.13).

s t ress r e q u i r e d  for f r a c t u r e  to

(2.14).

for all b r i t t l e  m a t e r i a l s .

LENGTH
Fig. 2.17 G r i f f i t h  c r i t e r i a  for u n s t a b l e  c r a c k  g r o w t h  

(f r a c t u r e )

% =  ( 2 E Ys
7ra

w h e r e  Of is the a p p l i e d  

o c c u r .

l . e . Of ci J.
V o '



51

E q u a t i o n  (2.13) w a s  l a t e r  m o d i f i e d  b y  I r w i n  and O r o w a n  (89) 

to the form:

w h e r e  Yi = e f f e c t i v e  s u r f a c e  e n e r g y  for f r a cture i n i t i a t i o n  

Y  = a g e o m e t r i c a l  c o n s t a n t

2 . 6 . 4  F r a c t u r e  S t r e n g t h  a nd its M e a s u r e m e n t

T h e  f r a cture s t r e n g t h  (<Jf ) of b r i t t l e  m a t e r i a l s  is 

d i s c u s s e d  g e n e r a l l y  in t e rns of the m o d i f i e d  G r i f f i t h  

e q u a t i o n  (2.15). T h e  r e l e v a n t  p a r a m e t e r s  are t h o s e  t h a t  

a f f e c t Y i  and a. T h e  m i c r o s t r u c t u r a l  d e p e n d e n c e  of Yj varies 

from o ne m a t e r i a l  to the next. T h e  flaw size, a, h a s  a 

d i r e c t  i n f l u e n c e  on the s t r e n g t h , a s  is i l l u s t r a t e d  in the 

e q u a t i o n s .  The s t r e n g t h  of a m a t e r i a l  d e c r e a s e s  as the f l a w  

size increases. F o r  m o s t  m a t e r i a l s ,  the flaw size is 

r e l a t e d  to the pore and g r a i n  sizes. T h e  e f f e c t  on s t r e n g t h  

is d e t e r m i n e d  b y  the l a r g e s t  flaw. Thus the r e l a t i v e  size of 

g r ains a nd pores, or o t h e r  flaws, w i l l  d i c t a t e  w h i c h  of t h e s e  

is important.

Th e  s t r e n g t h  of a b r i t t l e  m a t e r i a l  is g e n e r a l l y  

c h a r a c t e r i s e d  b y  b e n d  t e s t i n g  (90), in w h i c h  the s p e c i m e n  is 

b r o k e n  in a 3 or  4 - p o i n t  l o a d i n g  system. Since the 

c o m p r e s s i v e  s t r e n g t h s  of b r i t t l e  m a t e r i a l s  are m u c h  g r e a t e r  

t h a n  t e n s i l e  strengths, f a i l u r e  in b e n d i n g  w i l l  be due to 

t e n s i l e  stresses. T h e  t e s t  s p e c i m e n  can h a v e  a circular, 

square, or r e c t a n g u l a r  c r o s s - s e c t i o n ,  p r o v i d e d  it is u n i f o r m  

a l o n g  the c o m p l e t e  length. Such a s p e c i m e n  is r e l a t i v e l y  

e a s y  to fabricate.
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A.) 3- P O I N T  B E N D I N G B.) 4 - P O I N T  B E N D I N G

Fig. 2.18 S c h e m a t i c  d i a g r a m  of B e n d  Tests.

T he b e n d  s t r e n g t h  is d e f i n e d  as the m a x i m u m  t e n s i l e  

s t r e s s  at f a i l u r e  and is r e f e r r e d  to as the m o d u l u s  of 

r u p t u r e  (MOR). The b e n d  s t r e n g t h  (S) for a r e c t a n g u l a r  t e s t  

s p e c i m e n  c a n  be c a l c u l a t e d  u s i n g  the g e n e r a l  f l e xure stre s s  

f o r m u l a :

S  -  M e  (2.16).
I

w h e r e  M = m o m e n t

C = d i s t a n c e  from n e u t r a l  axis to t e n s i l e  s u r f a c e  

I = m o m e n t  of i n e r t i a

For a r e c t a n g u l a r  t e s t  s p e c i m e n  I = bd^ and C = d

12 2
w h e r e  d is the t h i c k n e s s  of the s p e c i m e n  and b is the width. 

Fig. 2.19 i l l u s t r a t e s  the d e r i v a t i o n  of the 3 and 4 p o i n t  

f l exure f o r m u l a e  for r e c t a n g u l a r  bars.
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SIDE VIEW
aj 3-POINT

M_(L) IP] 
2 2

1 = bd'
12

S=ff3-PT.=MOR.= Me = 3 PI
I  2 b d 2

bj 4-POINT

S = ô _pj - MOR = Me r 3Pa
I  b d 2

2-17

c=i 
- 2

2-16

END VIEW

Fig. 2.19 D e r i v a t i o n  of 3 and 4 - p o i n t  f l e x u r e  f o r m u l a e  for 

a r e c t a n g u l a r  bar.

The s t r e n g t h  data is r e l a t i v e l y  s t r a i g h t  f o r w a r d  to 

obtain, but t h e r e  is a s e v e r e  l i m i t a t i o n  o n  the use of M O R  

dat a  o b t a i n e d  for ceramics: th e  m e a s u r e d  s t r e n g t h  w i l l  v a r y  

s i g n i f i c a n t l y  d e p e n d i n g  o n  the size of s p e c i m e n s  and w h e t h e  

it is m e a s u r e d  in 3 or  4 - p o i n t  bending.
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The stress d i s t r i b u t i o n  for 3 and 4 - p o i n t  b e n d i n g  is 

s h o w n  in Fig. 2.20 a f t e r  B e n h a m  (91). In the case of 

3-point, the p e a k  stress o c c u r s  only a l ong a single line on 

t he s u rface of the tes t  b a r  o p p o s i t e  the p o i n t  of loading. 

T h e  stress d e c r e a s e s  l i n e a r l y  along the l e n g t h  of the b a r  

a n d  into the t h i c k n e s s  of t he bar, r e a c h i n g  zero at t he  

b o t t o m  s u p p o r t s  and at the n e u t r a l  axis, r e s p e c t i v e l y .  T h e  

p r o b a b i l i t y  of the l a rgest f l a w  in the s p e c i m e n  b e i n g  at t h e  

s u r f a c e  a l o n g  the line of p e a k  stress is v e r y  low.

Therefore, the s p e c i m e n  w i l l  e i t h e r  f r a c t u r e  at a flaw 

s m a l l e r  t h a n  the l a r g e s t  f l a w  o r  in a r e g i o n  of lower 

stress, w h i c h e v e r  one s a t i s f i e s  e q u a t i o n  (2.13) first. T h e  

M O R  m e a s u r e d  in a 3 - p o i n t  b e n d  t est does not reveal the 

s t r e n g t h  limit of the ma t e r i a l ,  or even the local s t ress 

a nd flaw size t h a t  caus e d  fracture. A l l  it reveals is t he 

p e a k  stress on t he t e n s i l e  s u r f a c e  at t he t i m e  of fracture.

4 - p o i n t  b e n d i n g  t e s t s  y i e l d  lower s t r e n g t h  v a l u e s  for 

a g i ven m a t e r i a l  t h a n  does 3-point. Fig. 2.20 (b) 

i l l u s t r a t e s  the s t r e s s  d i s t r i b u t i o n  in a 4 - p o i n t  bend 

specimen. The p e a k  stre s s  is p r e s e n t  o v e r  t he are a  of t h e  

t e n s i l e  face b e t w e e n  the load points. The t e n s i l e  s t ress 

d e c r e a s e s  l i n e a r l y  from the s u r f a c e  to z ero at the n e u t r a l  

a x i s  and fro m  the load p o i n t s  to zero at the b o t t o m  

supports. The a r e a  and v o l u m e  under peak t e n s i l e  stre s s  o r  

n e a r - p e a k  t e n s i l e  stress is m u c h  g r e a t e r  for 4 - p o i n t  b e n d i n g  

t h a n  for 3 - p o i n t  bending, a nd thus the p r o b a b i l i t y  of a 

l a r g e r  flaw b e i n g  e x p o s e d  to a h i g h  stress is increased.
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Fig. 2.20 C o m p a r i s o n  of the t e n s i l e  s t r e s s  d i s t r i b u t i o n s  

f or (a) 3 - p o i n t  a nd (b) 4 - p o i n t  bend tests.

It w o u l d  appear, then, t h a t  a 4 - p o i n t  t e s t  is far 

s u p e r i o r  to 3- p o i n t  and s h o u l d  always be u s e d  in 

p r e f e r e n c e .  H o w e v e r ,  in its defence, t he 3 - p o i n t  t e s t  is 

m u c h  e a s i e r  to set up and less time c o n s u m i n g  in alig n m e n t .  

E r r o r s  can be r e d u c e d  b y  s t a t i s t i c a l l y  a n a l y s i n g  a large 

n u m b e r  of s p e c i m e n s  and, as the errors a re r o u g h l y  the same 

in each test, 3- p o i n t  r e s u l t s  are very u s e f u l  for 

c o m p a r a t i v e  work. Also, in m a n y  cases 3 - p o i n t  loading is 

t he c l o s e s t  a p p r o x i m a t i o n  to t h a t  w h i c h  w i l l  be e n d u r e d  w h e n

t h e  m a t e r i a l  is in use.
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2 . 6 , 5  F r a c t u r e  T o u g h n e s s

Stress c o n c e n t r a t i o n s  at c r a c k  tips are c a u s e d  b y  t h e  

p r e s e n c e  of c r acks in the m a t e r i a l  u n d e r  stress. F r a c t u r e  

w i l l  o c c u r  w h e n  the stress at the tip of a crack, w h i c h  w a s  

i n i t i a l l y  stable, h a s  r e a c h e d  a c r i tical v a l u e  or w h e n  a 

p r o p a g a t i n g  c r a c k  h a s  g r own to a c r i t i c a l  size. Hence, t h e  

f r a c t u r e  t o u g h n e s s  of a m a t e r i a l  is a m e a s u r e m e n t  of its 

r e s i s t a n c e  to f a i l u r e  in the p r e s e n c e  of a crack. T h i s  

p a r a m e t e r  is s o m e t i m e s  r e f e r r e d  to as "notch b r i t t l e n e s s "  

(92). B r i t t l e  m a t e r i a l s  are i n d i c a t e d  by  a l o w  value of 

f r a c t u r e  t o u g h n e s s .  T h e  m o s t  w i d e l y  used a p p r o a c h  for 

f i n d i n g  the f r a c t u r e  t o u g h n e s s  of a m a t e r i a l  is via:

T h e  S t r e s s  i n t e n s i t y  F a c t o r  K

1. E l a s t i c  S t r e s s  C o n c e n t r a t i o n

Fig. 2.21 S t r e s s  c o n c e n t r a t i o n  at a s u r f a c e  flaw u n d e r  a

t e n s i l e  stress.



T h e  m a x i m u m  s t r e s s  at the tip of an e l l i p t i c a l  notch 

of depth a and c r a c k  r oot r a d i u s  p  , under an a p p l i e d  stre s s

(Tapp was a n a l y s e d  b y  I n g l i s  (93). (Trnax is g i v e n  b y

tfmax = capp (1 + 2 ) (2.19).

F o r  sharp cracks a p 

(Tmax = 2 a a p p  ( a / p  )i ( 2 . 2 0 ).

For fr a c t u r e  to o c c u r  in an ideal b r i t t l e  material, a 

s e c o n d  c o n d i t i o n  is n e c e s s a r y  in a d d i t i o n  to the G r i f f i t h  

e n e r g y  r e q u i r e m e n t .  T h e  m a x i m u m  stress m u s t  r e a c h  the 

t h e o r e t i c a l  s t r e n g t h  of the m a t e r i a l  to p r o v i d e  the 

m e c h a n i s m  for fracture. U s i n g  t h e  O r o w a n  e s t i m a t e  for the 

t h e o r e t i c a l  s t r e n g t h  (2 .8 ) and e q u a t i n g  t his to crmax gives 

for the failure stress:

F r o m  (2.20), for very s h a r p  cracks w h e n p - ^ O  (Tmax 

s h o u l d  tend to infinity. F o r  m o s t  m a t e r i a l s ,  h o w ever, 

d e f o r m a t i o n  w i t h  p l a s t i c  b l u n t i n g  o c curs at th e  c r a c k  ti p  

and the m a x i m u m  s t r e s s  c o n c e n t r a t i o n  is t h e r e b y  reduced. In 

the l i m i t i n g  case, b e c a u s e  the c r a c k  p a sses b e t w e e n  a d j a c e n t  

p l a n e s  of atoms, a r e a s o n a b l e  e s t i m a t e  for the s m a l l e s t  

p o s s i b l e  value of the c r a c k  t i p  radius is h a l f  the i n t e r ­

a t o m i c  spacing. S u b s t i t u t i o n  for this in (2.21) gives the 

s e c o n d  n e c e s s a r y  c o n d i t i o n  for fracture:

(2.21) .
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* = ( l r ) ' £ (2- 22>-

H o w e v e r ,  for m a n y  m a t e r i a l s ,  f r a c t u r e  is not a s s o c i a t e d  w i t h  

the a t t a i n m e n t  of a c r i t i c a l  v a l u e  of t e n s i l e  stress. For 

t h i s  reason, (Tmax does not p r o v i d e  a r e l i a b l e  b a s i s  for the 

a v o i d a n c e  of b r i t t l e  fracture.

ii. E l a s t i c  S t r e s s - f i e l d  a r o u n d  an I n f i n i t e l y  S h a r p  C r ack

fa

Fig. 2.22 D e f i n i t i o n  of the c o - o r d i n a t e  s y s t e m  for stress  

in the v i c i n i t y  of a s h a r p  crack.

U n d e r  the i n f l u e n c e  of a r e m o t e  s t ress (7 , the e l a s t i c  

s t r e s s e s  close to the tip of the c r a c k  of l e n g t h  a a re g i v e n  

by:

a y  = a
a \14 
2r j

a x  = a i

(2.23)
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F o r  p l a n e  stress (thin sheet) &Z - 0
F or p l a n e  s t r a i n  (thick sheet) cr- = u((7x + (Jy)

in the p l a n e  of the c r a c k 0 = 0

T h e r e f o r e G )  ~  O x  =  (J
2 r / \ 2 k t

(2.24)

= Kl (2.25)
2 i r r

, . 1
w h e r e  K| = (j (7TQ) 2 (2.26)

K is c a l l e d  the s t ress i n t e n s i t y  factor, the s u b s c r i p t  

i i n d i c a t e s  tha t  the c r a c k  e x t e n d s  u n d e r  the i n f l u e n c e  of a 

t e n s i l e  s t r e s s  n o r m a l  to the c r a c k  plane. T h e r e  are two 

o t h e r  o p e n i n g  m o d e s  due to s h e a r  as is i l l u s t r a t e d  in Fig.

2.23 Y Y Y

MODE I MODE II MODE III
Ki Kn Km

Fig. 2.23 S t r e s s  intensity factor notations for various 
d i s p l a c e m e n t  mode s .
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K  is i n d e p e n d e n t  of r and is d e t e r m i n e d  o n l y  b y  the c r a c k  

leng t h  and the r e m o t e  stress. It is a s i n g l e  p a r a m e t e r  

w h i c h  c o m p l e t e l y  sp e c i f i e s  the a m p l i t u d e  of the stre s s  f i e l d  

in the v i c i n i t y  of the c r a c k  tip.

iii. C r i t i c a l  S t r e s s  I n t e n s i t y  Kr

The o n l y  p a r a m e t e r  w h i c h  d i s t i n g u i s h e s  one c r a c k  

s i t u a t i o n  from a n o t h e r  is K. Ther e f o r e ,  if f r a c t u r e  is 

c o n t r o l l e d  b y  c o n d i t i o n s  in the v i c i n i t y  of the c r a c k  tip, 

f a i l u r e  m u s t  be a s s o c i a t e d  w i t h  the a t t a i n m e n t  of a c r i t i c a l  

stress i n t e n s i t y  K c .

T h e r e f o r e  at fracture; K[ = Of(7TQq )*2 {2.21)

w h e r e  <7f is the c r i t i c a l  v a l u e  of a p p l i e d  stress r e q u i r e d  to 

fr a c t u r e  a s p e c i m e n  c o n t a i n i n g  a d e f e c t  of length a, or  

a l t e r n a t i v e l y ,  a c is the c r i t i c a l  d e f e c t  size for a c o n s t a n t  

a p p l i e d  s t r e s s  O f . K c is a m a c r o s c o p i c  c r i t e r i o n  for 

failure. It m a k e s  no a s s u m p t i o n  about the p r e c i s e  m e c h a n i s m  

of fracture. W h e t h e r  it r e q u i r e s  a c r i t i c a l  stress, s t r a i n  

o r  e n e r g y  r e l e a s e  rate need not b e  specified. K is a stre s s  

field p a r a m e t e r  i n d e p e n d e n t  of the mat e r i a l .  K j q is a 

c h a r a c t e r i s t i c  m a t e r i a l  p r o p e r t y  and is c a l l e d  the "Pla n e  

vStrain F r a c t u r e  T o u g h n e s s . "  One a d v a n t a g e  of m e a s u r i n g  K jq 

is tha t  the value m a y  be u s e d  to c o m p a r e  t he b a s i c  t o u g h n e s s  

of d i f f e r e n t  m a t e r i a l s  (94). E q u a t i o n  (2.27) is o n l y  v a l i d  

for an i n f i n i t e  p l a t e  of an i d e a l l y  e l a s t i c  m a t e r i a l  

c o n t a i n i n g  a c e n t r a l  c r a c k  of length 2a. For the g e n e r a l  

case of a c r a c k  in a m a t e r i a l  h a v i n g  f i n i t e  d i m e n s i o n s : -

Kic= Y<jf (a)1̂ (2.28).
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-Where Y  is a g e o m e t r i c  f a c t o r  d e p e n d e n t  on the 

d i m e n s i o n s  of the c o m p o n e n t  a nd the shape of the crack. Y  

c a n  be c a l c u l a t e d  from the a p p r o p r i a t e  e l a s t i c i t y  e q u a t i o n s  

g i v e n  b y  Paris a n d  Sih (95).

iv. T h i c k n e s s  E f f e c t
Kc

Fig. 2.24 V a r i a t i o n  of K w i t h  s p e c i m e n  t h i c k n e s s .

T he "plane s t r a i n  f r a c t u r e  t o u g h n e s s " ,  K jc , is a t r u e  

m a t e r i a l  pr o p e r t y .  P r o v i d i n g  p l a n e  s t r a i n  c o n d i t i o n s  

prevail, it is i n d e p e n d e n t  of s p e c i m e n  d i m e n s i o n s .  T h i s  

r e q u i r e s  a s u f f i c i e n t l y  l a r g e  s p e c i m e n  t h i c k n e s s  w h i c h  is 

u s u a l l y  t a k e n  as:

b >  2-5 ( K i c / o y )  ( 2 . 2 9 )

w h e r e  b  = s p e c i m e n  w i d t h

<jy = m a t e r i a l  y i e l d  s t r e n g t h
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B e c a u s e  of the l i m i t e d  p l a s t i c i t y ,  the r a t i o  Kic /<ry is 

g e n e r a l l y  v e r y  v e r y  small for b r i t t l e  m a t e r i a l s  such as 

v i t r e o u s  c a r b o n  and so the t h i c k n e s s  c o n s t r a i n t  is n e a r l y  

a l w a y s  satisfied. Indeed, t he o n l y  t h i c k n e s s  c o n s t r a i n t  

t h a t  u s u a l l y  n e e d s  to be i m p o s e d  is that the s e c t i o n  is 

large e n o u g h  to be  m i c r o s t r u c t u r a l l y  r e p r e s e n t a t i v e  of the 

m a t e r i a l  (96). T h e  li m i t e d  p l a s t i c i t y  also leads to ideal 

b e h a v i o u r  for f r a c t u r e  m e c h a n i c s  me a s u r e m e n t s ,  i.e. no 

d e v i a t i o n s  fro m  l i n e a r i t y  occur.

For s e c t i o n s  t h i n n e r  t h a n  the m i n i m u m  t h i c k n e s s  for 

p l a n e  strain, i n c r e a s i n g  a m o u n t s  of t h r o u g h - t h i c k n e s s  

d e f o r m a t i o n  t a k e  place, a n d  K c i n c r e a s e s  s t e a d i l y  until a 

m a x i m u m  p l a n e  s t r e s s  value is reached. F r a c t u r e  t h e n  o c curs 

on  p l anes of m a x i m u m  shear stress, i n c l i n e d  at 45° to t he 

t h i c k n e s s  d i r e c t i o n .  F o r  d e s i g n  purposes, t he p l a n e  s t r a i n  

t o u g h n e s s  Kic is u s u a l l y  e m p l o y e d  b e c a u s e  it r e p r e s e n t s  the 

m o s t  severe s t r e s s  c o n c e n t r a t i o n  w h i c h  w o u l d  be e x p e r i e n c e d  

in service.

2 . 6 . 6  F r a c t u r e  T o u g h n e s s  M e a s u r e m e n t

Test s p e c i m e n s  w i t h  a r e c t a n g u l a r  c r o s s - s e c t i o n  m a y  b e  

m a c h i n e d  from c e r a m i c  s p e c imens. W h i l e  the p r o c e s s  m a y  be  

t i m e  consuming, it is e a s i e r  to f a b r i c a t e  b e a m  s p e c i m e n s  

t h a n  those w i t h  c i r c u l a r  c r o s s - s e c t i o n .  F r a c t u r e  t o u g h n e s s  

m e a s u r e m e n t s  m a y  be  mad e  b y  i n t r o d u c i n g  a notch, w i t h  a 

d i a m o n d  saw, i n t o  o ne s u r f a c e  to a d e p t h  of a p p r o x i m a t e l y  

h a l f  the t h i c k n e s s  of the sample, k n o w n  as a s i n g l e  edge 

n o t c h e d  b e a m  s p e c i m e n  (SENB). T h e  s p e c i m e n  m a y  t h e n  be 

t e s t e d  in 3 - p o i n t  bending. T he a r g u m e n t s  m e n t i o n e d  e a r l i e r
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(section 2.6,4) a g a i n s t  3 - p o i n t  b e n d i n g  do not a p p l y  since 

t he m a c h i n e d  f law is so m u c h  l a r g e r  than a n y  i n h e r e n t  f l a w s  

it is the o n l y  o n e  w h i c h  c a n  i n i t i a t e  fracture. If a n o t c h  

is sawn, in a v e r y  b r i t t l e  m a t e r i a l  a c e r t a i n  a m o u n t  of c r a c k  

g r o w t h  at the n o t c h  tip o c c u r s , s c  the c r a c k  l e n g t h  is 

g e n e r a l l y  m e a s u r e d  a f t e r  the t e s t  is c o m p l e t e  u s i n g  a 

t r a v e l l i n g  m i c r o s c o p e .  Kfc is c a l c u l a t e d  b y  s u b s t i t u t i n g  

for df , found fro m  e q u a t i o n  (2.17), into (2.28).

(2.30)
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2.7. M e c h a n i c a l  P r o p e r t i e s  of A m o r p h o u s  C a r b o n  

2.7.1. G e n e r a l  C o n s i d e r a t i o n s

T he c a r b o n i s a t i o n  of c e r t a i n  c r o s s - l i n k e d  polymers, 

u n d e r  c a r e f u l l y  c o n t r o l l e d  cond i t i o n s ,  y i e l d s  a n o n -  

g r a p h i t i s i n g  c a r b o n  m a t e r i a l  which, on a c c o u n t  of its n o n ­

c rystalline, i s o t r o p i c  structure, is r e f e r r e d  to as 

A m o r p h o u s  Carbon. B e c a u s e  of its h i g h  l u s t u r e  and 

s i m i l a r i t y  to g l a s s  in b o t h  a p p e a r a n c e  and fracture, the 

m a t e r i a l  is a lso k n o w n  as V i t r e o u s  C a r b o n  (97).

V i t r e o u s  o r  A m o r p h o u s  Carbon, then, is t he g l a s s y  

a p p e a r i n g  c a r b o n a c e o u s  r e s i d u e  from the p y r o l y s i s  of a 

p o l y m e r i c  r e s i n  p r e c u r s o r  (98). The m a t e r i a l  is t y p i f i e d  b y  

a low d e n s i t y  of a r o u n d  1.5 g c m “ 3 (9 9 ). a  v a r i e t y  of 

d e f e c t s  i d e n t i f i e d  in the m a t e r i a l  h a v e  b e e n  a t t r i b u t e d  to  

r e s i d u a l  i m p u r i t i e s  t h a t  are p r e s u m a b l y  p r e s e n t  in the 

p a r e n t  p o l y m e r  (100). The p r e s e n c e  of t h e s e  d e f e c t s  is 

t h o u g h t  to be r e s p o n s i b l e  for the h i g h l y  v a r i a b l e  s t r e n g t h s  

o b s e r v e d  in a m o r p h o u s  carbon. Hie fracture s t r e n g t h  is 

f o u n d  to var y  d e p e n d i n g  on the q u a l i t y  and h e a t - t r e a t m e n t  

t e m p e r a t u r e  of t he material. F r a c t o g r a p h s  of a m o r p h o u s  

c a r b o n  w h i c h  h a d  f a iled in t h r e e  p o i n t  b e n d i n g  (which is 

g e n e r a l l y  a c c e p t e d  as the m o s t  u s e f u l  m e t h o d  of m e a s u r i n g  

the m e c h a n i c a l  p r o p e r t i e s  of the m a t e r i a l )  s h o w  a smooth, 

f eatureless, c o n c o i d a l  f r a c t u r e  s u r face s i m i l a r  to that of 

g l a s s  (1 0 1 ).

The m e c h a n i c a l  p r o p e r t i e s  of a m o r p h o u s  c a r b o n  are 

d i r e c t l y  r e l a t e d  to t h eir s t r u c t u r e  w h i c h  c o n s i s t s  of a 

t h r e e - d i m e n s i o n a l  n e t w o r k  of a r o m a t i c  r i b b o n s  w i t h  t h ree 

t y p e s  of b o n d i n g  therein. B e t w e e n  c l o s e l y  s p a c e d  p a r a l l e l
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r i b b o n s  o n l y  w e a k  V a n  der W a a l ' s  forces exist, w h i c h  can be  

n e g l e c t e d .  W i t h i n  the ribbons, b e c a u s e  of its e x t r e m e l y  

s t i f f  c o v a l e n t  c h a r a c t e r i s t i c ,  t h e  C - C  b o n d  is the s t i f f e s t  

c o m p o n e n t  of the system. However, this is o n l y  n o t i c e d  w i t h  

a h i g h  d e g r e e  of p r e f e r r e d  o r i e n t a t i o n  as is the case in 

c a r b o n  fibres. In a r a n d o m  c o n f i g u r a t i o n  of ribbons, the 

r e s p o n s e  to an a p p l i e d  stress is r e l a t e d  m a i n l y  to the e a s e  

of  r o t a t i n g  r i b b o n  s e g m e n t s  w i t h  r e s p e c t  to t h e i r  e n v i r o n ­

m e n t  a nd is r e s i s t e d  by c a r b o n  b o n d i n g  b e t w e e n  t he ribbons.

C o n s i d e r i n g  its isotropic, n o n - c r y s t a l l i n e  structure, 

t h e  Y o u n g ' s  Modulus, as w e l l  as the har d n e s s ,  of g l a s s y  

c a r b o n  is v e r y  high. Thi s  is due in the m a i n  to the 

p r e s e n c e  of s t a b l e  i n t e r - f i b r i l l a r  c r o s s - l i n k s  w h i c h  p r e v e n t  

a r o m a t i c  r i b b o n  m o l e c u l e s  in the fibrils fro m  s h e a r i n g  p a s t  

e a c h  o t h e r  (69). As a r e s u l t  of its h a r d n e s s ,  r e l a t i v e l y  

h i g h  s t r e n g t h  and c h e m i c a l  i n e r t n e s s  to b o d y  fluids (1 0 2 ) 

a m o r p h o u s  c a r b o n  h a s  found i t s e l f  e m p l o y e d  as a s t r u c t u r a l  

m a t e r i a l  for b i o m e d i c a l  a p p l i c a t i o n s  (103). However, the 

m a t e r i a l  is s o m e w h a t  l i m i t e d  w h e n  load b e a r i n g  is r e q u i r e d  

b e c a u s e  of its e x t r e m e  b r i t t l e n e s s  (104). V i t r e o u s  c a r b o n  

is m u c h  s t r o n g e r  t h a n  mos t  o t h e r  ca r b o n s  or graphites. It 

h a s  a h a r d n e s s  v a l u e  of b e t w e e n  6 and 7 o n  Mohs' scale.

W h e n  u s i n g  t he V i c k e r s  D i a m o n d  I n d e n t a t i o n  e q u i pment, the 

i n d e n t a t i o n  d i s a p p e a r s  a l m o s t  as s o o n  as the p r e s s u r e  is 

relieved, s u g g e s t i n g  t h a t  the m a t e r i a l  r e t a i n s  some of its 

e l a s t i c  p r o p e r t i e s  a f t e r  h e a t  t r e a t m e n t  (105).
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The h a r d n e s s  and h i g h  s t r e n g t h  of the m a t e r i a l  s u g g e s t  

t h a t  the s t r u c t u r e  i n c l u d e s  some t e t r a h e d r a l  c r o s s - l i n k s  

b e t w e e n  the h e x a g o n a l  layers. T his is c o n s i d e r e d  l i k e l y  in 

v i e w  of the p r e s e n c e  of such c r o s s - l i n k s  in the s t a r t i n g  

m a t e r i a l  and the i s o t r o p y  of p r o p e r t i e s  i r r e s p e c t i v e  of the 

m e t h o d  of f a b r i c a t i o n  of the p o l y m e r  precursor. T he i n t e r -  

f i b r i l l a r  c r o s s - l i n k s  a r e  strained, and so are less t h e r m a l l y  

s t a b l e  t h a n  the g r a p h i t e  t r i g o n a l  b o n d  w i t h i n  the ribbons. 

T h e y  are thus p r o g r e s s i v e l y  r u p t u r e d  at h i g h  t e m p e r a t u r e s  

an d  t h o u g h t  to be r e s p o n s i b l e  for v i s c o e l a s t i c  b e h a v i o u r  

o b s e r v e d  at about 2 5 0 0 ° C  (101).

2.7.2 E l a s t i c  R e s p o n s e  of A m o r p h o u s  C a r b o n

F i s c h b a c h  (106) an d  T a y l o r  and K l i n e  (107) r e p o r t e d  

r o o m  t e m p e r a t u r e  Y o u n g ' s  M o d u l u s  m e a s u r e m e n t s  on a m o r p h o u s  

c a r b o n  at d i f f e r e n t  h e a t - t r e a t m e n t  t e m p e r a t u r e s .  V a l u e s  

v a r i e d  b e t w e e n  26 a n d  29 G N m ” ^. T h e s e  r e s u l t s  i n d i c a t e d  a 

c o n s i s t e n t  d e c r e a s e  in m o d u l u s  w i t h  i n c r e a s e  of 

h e a t - t r e a t m e n t  t e m p e r a t u r e  a b o v e  1 0 0 0 °C. The v a l u e s  q u o t e d  

a r e  r e l a t i v e l y  h i g h  for an isotropic, l ow d e n s i t y  carbon.

The s u p e r i o r  s t i f f n e s s  of g l a s s y  c a r b o n  is a t t r i b u t e d  to the 

s t r o n g  b o u n d a r y  r e s t r a i n t  at the edges of the c o m p o n e n t  

r i b b o n s  a n d  s t r o n g  i n t e r l a m e l l a r  b o n d i n g  up to 

h e a t - t r e a t m e n t  t e m p e r a t u r e s  of 2 0 0 0 ° C  (108). A n d r e w  and 

S a t o  (109) s h o w e d  t h a t  as the h e a t - t r e a t m e n t  t e m p e r a t u r e  of 

t he m a t e r i a l  i n c r e a s e s  above 1 5 0 0 ° C  t he m o d u l u s  dec r e a s e s .
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F i g  2.25 V a r i a t i o n  of r e l a t i v e  s t i f f n e s s  w i t h  test 

t e m p e r a t u r e  in g l a s s y  c a r b o n s  h e a t - t r e a t e d  from 10 00 to 

3 0 0 0 ° C  (After A n d r e w  and S a t o  (109)).

U p  to a h e a t - t r e a t m e n t  t e m p e r a t u r e  of 1500°C the 

Y o u n g ' s  m o d u l u s  of g l a s s y  c a r b o n  i n c r e a s e s  rapidly. F o r  

h e a t  t r e a t m e n t  a b ove 1 5 00°C t h e  el a s t i c  m o d u l u s  d e c r e a s e s  

c o n s i d e r a b l y  as i n t e r f i b r i l l a r  c r o s s - l i n k s  are p r o g r e s s i v e l y  

r u p t u r e d .

Fig 2 .26 V a r i a t i o n  in Y o u n g ' s  M o d u l u s  of g l a s s y  c a r b o n
f o r  p y r o l y s i s  to 3 000° C .
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The a b s e n c e  of a p o s i t i v e  t e m p e r a t u r e  c o e f f i c i e n t  in 

t he Y o u n g ' s  m o d u l u s  of g l a s s y  c a r b o n  i n d i c a t e s  the a b s e n c e  

of i n t e r l a m e l l a r  m i c r o c r a c k s ,  w h i c h  w o u l d  t end to be f i l l e d  

in as the t e m p e r a t u r e  is raised. The d i f f e r e n t i a l  m o v e m e n t  

b e t w e e n  m a t e r i a l  above and b e l o w  the cracks is i n h i b i t e d  so 

the m a t e r i a l  s t i f f e n s  as a result. This a b s e n c e  of 

i n t e r l a m e l l a r  m i c r o c r a c k i n g  is p r o b a b l y  due to the v e r y  

small layer sizes and h i g h  d e g r e e  of c r o s s - l i n k i n g .

F i s c h b a c h  (106) h a s  s h own t h a t  at h i g h  t e m p e r a t u r e  

(above 2 0 0 0 °C) it is p o s s i b l e  to cause p l a s t i c  d e f o r m a t i o n  

in  a m o r p h o u s  c a r b o n  w h i c h  p r o d u c e s  s t r u c t u r a l  a n i s o t r o p y  in 

th e  m a t e r i a l  and can be d e t e c t e d  b y  m a g n e t i c  s u s c e p t i b i l i t y  

m e a s u r e m e n t s .  He also s h o w e d  t h a t  7% e l a s t i c  r e c o v e r y  is 

possible. It a p p e a r s  t h a t  a b o v e  2 0 0 0 °C t he m a t e r i a l  b e c o m e s  

v i s c o e l a s t i c .  2 5 00°C c a n  be r e g a r d e d  as a 'glass t r a n s i t i o n  

p o i n t ' by  a n a l o g y  to t he b e h a v i o u r  of lo w  t e m p e r a t u r e  

p o l y m e r s .  T h i s  p l a s t i c i t y  is a c c o m p a n i e d  b y  an i n c r e a s e  in 

o pen porosity.

2.7.3. H a r d n e s s  of V i t r e o u s  C a r b o n

V i t r e o u s  C a r b o n  is a v e r y  h a r d  and b r i t t l e  m a t e r i a l ,  

it w i l l  s c r a t c h  m o s t  forms of s i l i c e o u s  g l a s s  and c a n  be cut 

o n l y  w i t h  a d i a m o n d  tool, or an u l t r a s o n i c  t e c h n i q u e  (109). 

H a r d n e s s  and r e s i s t a n c e  to d e f o r m a t i o n  are s e n s i t i v e  to the 

a m o u n t  of c r o s s - l i n k i n g  b e t w e e n  c h ain p o l y m e r s  and b e t w e e n  

the a r o m a t i c  r i b b o n  m o l e c u l e s .  It is t h e r e f o r e  p o s s i b l e  to 

d e d u c e  t he c a r b o n i z a t i o n  m e c h a n i s m  and t he s t r u c t u r e  of t h e  

r e s u l t i n g  a m o r p h o u s  c a r b o n  from h a r d n e s s  m e a s u r e m e n t s  on 

r e s i n  c a r b o n i z e d  at v a r i o u s  t e m p e r a t u r e s .
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T h e  h a r d n e s s  of the m a t e r i a l  can be d e t e r m i n e d  u s i n g  

a V i c k e r s  m i c r o - h a r d n e s s  t e s t i n g  machine. T h e  D i a m o n d  

P y r a m i d  H a r d n e s s  (DPH) n u m b e r  is d e t e r m i n e d  from the 

a v e r a g e  length of the two d i a g o n a l s  in the i n d e n t a t i o n  of a 

four sided d i a m o n d  p y r a m i d  u n d e r  an a p p l i e d  load of, 

t y p i cally, 100 g. K a w a m u r a  (110) found t h a t  t he DP H  is a 

u s e f u l  m e a s u r e  of the Y o u n g ' s  m o d u l u s  of g l a s s y  carbon. H e  

found t hat the r e l a t i o n s h i p  b e t w e e n  Y o u n g ' s  m o d u l u s  a n d  DPH 

is linear, i n t e r s e c t i n g  b o t h  axes at zero.

F i g  2.27 V a r i a t i o n  of Y o u n g ' s  m o d u l u s  w i t h  DPH n u m b e r  for a 

r a n g e  of g l a s s y  ca r b o n s  s u b j e c t e d  to v a r ious h e a t  t r e a t m e n t  

t e m p e r a t u r e s  (aft e r  K a w a m u r a  (110)).
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F i g  2.28 Shows the v a r i a t i o n  o f  DPH n u m b e r  of g l a s s y  c a r b o n  

as a f u n c t i o n  of the h e a t  t r e a t m e n t  t e m p e r a t u r e .

T h e  i n c r e a s e  in h a r d n e s s  a f t e r  h e a t  t r e a t m e n t  to 3 5 0 ° C  

s u p p o r t s  the c o n c l u s i o n /  d e d u c e d  from i n f r a - r e d  s p e c t r o s c o p y  

studies, t h a t  i n t e r m o l e c u l a r  c r o s s - l i n k s  are formed b e t w e e n  

the c h ain p o l y m e r s  at t h a t  t e m p e r a t u r e .  I n f r a - r e d  

s p e c t r o s c o p y  r e s u l t s  also s u g g e s t  that a l i p h a t i c  e t h e r  

li n k a g e s  are r u p t u r e d  b e t w e e n  350 an d  5 0 0°C r e s u l t i n g  in a 

m o r e  o p e n  s t r u c t u r e .  T h i s  w o u l d  e x p l a i n  the d e c r e a s e  in 

h a r d n e s s  w i t h i n  this t e m p e r a t u r e  range.
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The rapid i n c r e a s e  in h a r d n e s s  on a n n e a l i n g  above 

5 0 0 °C is due to the f o r m a t i o n  of i n t e r - r i b b o n  

c r o s s - l i n k i n g .  T h e  d e c r e a s e  in h a r d n e s s  a b ove 1 5 0 0 ° C  is 

t h o u g h t  to o c c u r  due to the b r e a k i n g  of t h e s e  i n t e r - r i b b o n  

c r o s s - l i n k s  a l l o w i n g  the r e l e a s e  of int e r n a l  s t r a i n  e n e r g y  in 

t h e  t a n g l e d  ribbons, l e a d i n g  to a d e c r e a s e  in t he  

i n t e r m o l e c u l a r  f o rces and the a s s o c i a t e d  h a r d n e s s .

2 . 7 . 4  S t r e n g t h  an d  F r a c t u r e

Th e  s t r e n g t h  of a m o r p h o u s  c a r b o n  is s t r u c t u r e  

s e n s i t i v e  and v a r i e s  w i t h  density, degree of c r o s s - l i n k i n g  

a n d  p r e f e r r e d  o r i e n t a t i o n  etc. (111). S t r e n g t h  is also 

s e n s i t i v e  to d e f e c t s . T h e  e f f e c t  of d e fects is m u c h  m ore  

p r o n o u n c e d  in g l a s s y  c a r b o n  t h a n  o t h e r  m a t e r i a l s ,  b e c a u s e  of 

its i n a b i l i t y  to r e l a x  the s t r e s s  b u i l d - u p  at i n h o m o ­

g e n e i t i e s  .

F i s c h b a c h  a n d  K o t l e n s k y  (41) m e a s u r e d  the t e n s i l e  a n d  

s t r u c t u r a l  p r o p e r t i e s  of a m o r p h o u s  c a r b o n  and show e d  t h a t  

th e  s t r e n g t h  d e c r e a s e s  w i t h  i n c r e a s e d  t e s t  t e m p e r a t u r e .  S a t o  

a n d  A s a k u r a  (112) m e a s u r e d  the s t r e n g t h  of g l a s s y  c a r b o n  as a 

f u n c t i o n  of h e a t  t r e a t m e n t  t e m p e r a t u r e ;  t h e i r  r e s u l t s  are  

p r e s e n t e d  in T a b l e  2.3.

T e s t H e a t  T r e a t m e n t  
T e m p e r a t u r e / ° C

A v e r a g e  V a l u e  
/MN m “2

S t a n d a r d
D e v i a t i o n / M N  m “ 2

C o m p r e s s i o n 1000 369 130
2000 200 43
3000 95 15

F l e x i o n 1000 165 64
2000 132 27
3000 121 30

T a b l e  2.3 C o m p r e s s i v e  and f l e x i v e  s t r e n g t h s  of g l a s s y  c a r b o n  

(round b a r  s p e c i m e n s  - a f t e r  S a t o  and A s a k u r a  (112)).
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T h e i r  results show that h e a t  treatment above 1000°C 

d r a s t i c a l l y  lowers the s t r ength of glassy carbon. J o h n s o n  

(113) showed that defects, such as voids and inclusions, in 

the p r e c u r s o r  are carried over into the r e s u l t i n g  carbon. 

V o i d s  and cracks are also p r o d u c e d  b y  the inc r e a s e d  internal 

gas p r e s s u r e  duri n g  carbonization. As a result, it is not 

p o s s i b l e  to make large bul k  samples of glassy c a r b o n  w i t h o u t  

p r o d u c i n g  mac r o p o r e s  and microcracks. The p r e s e n c e  of t h e s e  

i n h o m o g e n e i t i e s  in the st r u c t u r e  w o u l d  go some w a y  in 

e x p l a i n i n g  the s c a tter g e n e r a l l y  observed in the s t r e n g t h  

m e a s u r e m e n t s .

It is g e n e r a l l y  accepted that the s t r e n g t h e n i n g  a nd 

s t i f f e n i n g  of v i t r e o u s  carbon up to 1000°C is due to the 

i n c r e a s e  in c r o s s - l i n k i n g  b e t w e e n  ribbon units. W h e n  some 

of the i n t e r - r i b b o n  c ross-links are b r o k e n  b y  h i g h  

t e m p e r a t u r e  h e a t  t r e a tment the app a r e n t  c r y s t a l l i t e  size 

w i t h i n  the m a t e r i a l  increases gradually, a c c o m p a n i e d  b y  a 

re l e a s e  of i n t ernal strain e n e r g y  in the a r o m a t i c  

m olecules. Increase in c r y s t a l l i t e  size makes crack 

p r o p a g a t i o n  easier. The se v e r e n c e  of i n t e r - l a y e r  c r o s s ­

links, in particular, promotes such crack p r o p a g a t i o n  

leading to a fall in strength at h i g h  temperatures.
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S E C T I O N  3

A P P A R A T U S  A N D  E X P E R I M E N T A L  P R O C E D U R E  

3.1 Ma t e r i a l s

The r a w  m a t e r i a l  used for the p r o d u c t i o n  of the 

a m o r p h o u s  c a r b o n  in this s t u d y  was "Qu a - C o r r  F u r a n  R e s i n  

No. 1001", a p a r t i a l l y  p o l y m e r i s e d  furfuryl al c o h o l  r e s i n  

h a v i n g  an a v e r a g e  m o l e c u l a r  w e i g h t  of the d i m e r  unit. T he 

r e s i n  is m a n u f a c t u r e d  by t he C h e m i c a l s  D i v i s i o n  of the 

Q u a k e r  O ats C o r p o r a t i o n .  T h e  c a t a l y s t  e m p l o y e d  w a s  a 

s a t u r a t e d  s o l u t i o n  of zinc c h l o r i d e  in w a t e r  (50:50 b y  

w e i g h t )  w h i c h  is k n o w n  as a L e w i s  acid. The g r a p h i t e  u s e d  

in the c o m p o s i t e s  was m i n e r a l  g r a p h i t e  w h i c h  h a d  b e e n  s i e v e d  

i nto 'nominal' size d i s t r i b u t i o n s  and w a s  s u p p l i e d  by  B e r o l  

Ltd. via s e v eral c o m m e r c i a l  pro d u c e r s .  The zinc o x i d e  u s e d  

as a p o r e  f o r m e r  w a s  BDH "Analar" grade.

3.2 S p e c i m e n  P r o d u c t i o n

3.2.1 C a s t i n g  of the P o l y m e r  R e s i n

S e v e r a l  m e t h o d s  of p r o d u c i n g  the p o l y m e r i s e d  r e s i n  

h a v e  b e e n  i n v e s t i g a t e d .  T he o ne w h i c h  p r o v e d  to be the m o s t  

s u c c e s s f u l  was as follows

\ The r e s i n  and c a t a l y s t  w e r e  v i g o r o u s l y  m i x e d  in a

d i s p o s a b l e  p l a s t i c  cup. The a m o u n t  of c a t a l y s t  a d d e d  was 

r e c o r d e d  as a w e i g h t  %. A f t e r  a p p r o x i m a t e l y  15 m i n u t e s  

s t i r r i n g  the r e s i n  and c a t a l y s t  w e r e  a d j u d g e d  to be p r o p e r l y  

mixed, and w e r e  p u t  into a v a c u u m  d i s i c c a t o r  and e v a c u a t e d  

for 1\ h o u r s  to r e m o v e  air b u b b l e s  due to mixing. A f t e r
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this p e r i o d  the v a c u u m  p u m p  w as s w i tched o f f  and the m i x t u r e  

a l l o w e d  to stand for a f u r t h e r  h o u r  under vacuum. The 

c a t a l y s e d  r e sin was c a r e f u l l y  p o u r e d  into a s i l icone r u b b e r  

mould. The m o u l d  and c o n t e n t s  w ere then p l a c e d  inside an 

o v e n  at the r e q u i r e d  t e m p e r a t u r e  for the r e q u i r e d  time of 

curing. The t e m p e r a t u r e  of the o ven was c o n t r o l l e d  to 1 

1°C. The m o u l d s  w e r e  made to the d i m e n s i o n  102 x 52 x 

12mm. The inner s u r face of the m o ulds w e r e  p r o d u c e d  to a 

h i g h  st a n d a r d  by f o r ming o v e r  a m e t a l  f o r m e r  m a c h i n e d  to 

a h i g h  finish w i t h  t o l e r a n c e s  of ± .01mm. B e f o r e  the r e s i n  

w as added, the m o u l d s  w e r e  s p r a y e d  w i t h  P.T.F.E. w h i c h  acts 

as a r e l e a s e  agent.

W h e n  the p r e s c r i b e d  c u r i n g  time w as complete, the 

m o u l d  was r e m o v e d  from the o v e n  and a l l o w e d  to cool. The 

c u r e d  p o l y m e r  b l o c k  c o u l d  t h e n  e a s i l y  be p r i s e d  f rom the 

mould. 1 m m  was m a c h i n e d  off e a c h  face of the b l o c k  to 

e n s u r e  tha t  is was p e r f e c t l y  regular. The m a c h i n e d  b l o c k  

wa s  cut into b e a m s  6m m  w i d e  (± .25mm) to p r o d u c e  s p e c i m e n s  

r e a d y  for h e a t  treatment.

3.2.2 C a s t i n g  C o m p o s i t e  R e s i n s

G r a p h i t e  or zinc o x ide p o w d e r s  w e r e  a d d e d  by  w e i g h t  % 

to the r e s i n  to p r o d u c e  c o m p o s i t e s .  G r a p h i t e  lo a d i n g s  of up 

'to 1 0 %, a n d  al l  the s p e c i m e n s  u s i n g  zinc oxide, w e r e  m a d e  by  

m i x i n g  by  hand. T h e  r e sin a nd p o w d e r  w e r e  p l a c e d  in a g l a s s  

b e a k e r  and s t i r r e d  v i g o r o u s l y  for 30 m i n u t e s  w i t h  a spatula. 

This m i x t u r e  was t h e n  e v a c u a t e d  in a d e s / c c a t o r  as in 

s e c t i o n  3.2.1. T h e  c a t a l y s t  w a s  added, a f t e r  e v a c u a t i o n a n d  

the r e m a i n d e r  of the p r e p a r a t i o n  i d e n t i c a l  to that use d  for

the r e s i n  alone.
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VTheri the a m o u n t  of g r a p h i t e  w as g r e a t e r  t h a n  1 0 % the 

v i s c o s i t y  of the mix is too h i g h  for it to be m i x e d  b y  

hand. The r e s i n  and g r a p h i t e  w e r e  p l a c e d  in the Z - b l a d e  

m i x e r  b e l o n g i n g  to B e r o l  Ltd. and m e c h a n i c a l l y  m i x e d  for 2 

h o u r s  w h i l s t  b e i n g  c o n t i n u a l l y  evacuated. The c a t a l y s t  was 

a d ded a f t e r  this p e r i o d  and the m i x i n g  c o n t i n u e d  for a 

f u r t h e r  two hours. The 'green' c o m p o s i t e  was t h e n  p o u r e d  

into s i l i c o n e  rubb e r  m o u l d s  to be  c u r e d  and m a c h i n e d  as 

b e f o r e .

3.2.3 P r o d u c t i o n  of  A m o r p h o u s  C a r b o n

T o  p r o d u c e  a m o r p h o u s  carbon, w h i c h  is strong, a n d  w i t h  

a fine g r a i n e d  porosity, r e q u i r e d  a v e r y  slow h e a t i n g  r ate 

f r o m  r o o m  t e m p e r a t u r e  upwards. T he f u r nace used for the 

in i t i a l  i n v e s t i g a t i o n  into the p r o c e s s i n g  of the p o l y m e r  was 

the one o r i g i n a l l y  d e s i g n e d  and b u i l t  for the h e a t  t r e a t m e n t  

of sub. mm. leads. This proved, however, to h a v e  too small 

a c a p a c i t y  for p r o d u c i n g  the large n u m b e r  of s p e c i m e n s  

r e q u i r e d  for m e c h a n i c a l  testing. This and o t her f a b r i c a t i o n  

p r o b l e m s  n e c e s s i t a t e d  the d e s i g n i n g  and b u i l d i n g  of a new, 

larger and i m p r o v e d  h e a t  t r e a t m e n t  f u r nace w ith m o d i f i e d  gas 

p u r i f i c a t i o n .

The p y r o l y s i s  was p e r f o r m e d  in an inert a t m o s p h e r e  of 

h i g h  p u r i t y  A r g o n  (3 ppm. oxygen). P r e v i o u s  w o r k  h a d  found 

that even w i t h  an o x y g e n  p a r t i a l  p r e s s u r e  as low as this, 

some c a r b o n  v/as l ost due to o x i d ation. A lso t h e r e  w a s  a 

t e n d e n c y  for the gas to c o n t a i n  a small a m o u n t  of  m o i sture, 

p r o b a b l y  lef t  o v e r  f r o m  w h e n  the c y l i n d e r  was cleaned. To 

c o m b a t  this, the A r g o n  from the c y l i n d e r  was f u r t h e r  

p u r i f i e d  b y  p r e - d r y i n g  and r e m o v a l  of the r e s i d u a l  o x y g e n
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p r i o r  to b e i n g  i n t r o d u c e d  into the h e a t  t r e a t m e n t  furnace.

A  f l o w  d i a g r a m  e x p l a i n i n g  the gas p u r i f i c a t i o n  s y s t e m  is 

s h o w n  in Fig. 3.1.

(i) A r g o n  P r e - T r e a t m e n t

A f t e r  r e l ease fro m  the c y l i n d e r  the a r g o n  wa s  d r i e d  b y  

p a s s i n g  t h r o u g h  a series of 3 s t a n d a r d  d r y i n g  c o l u m n s  

e m p l o y i n g  a m o l e c u l a r  sieve. T he gas was t h e n  fed into the 

p r e - t r e a t m e n t  furnace for d e o x y g e n a t i o n .

Th e  F u r n a c e  c o n s i s t e d  of a h o r i z o n t a l ,  430 mm. long, 

a l u m i n a  w i n d i n g  tube. T he tube was w o u n d  w i t h  K a n t h a l  A1 

r e s i s t a n c e  wire. A  m u l l i t e  r e a c t i o n  tube, 590 mm. long, 

w i t h  cones g r o u n d  on e i t h e r  e nd was p l a c e d  i n s i d e  the 

w i n d i n g  tube. C o n n e c t i o n s  to the gas s u p p l y  w e r e  mad e  via 

s t a n d a r d  p y r e x  cones. The c o n t r o l  t h e r m o c o u p l e  

( c h r o m e l - a l u m e l ) was p l a c e d  in the c e n t r e  of the fu r n a c e  

b e t w e e n  the w i n d i n g  and r e a c t i o n  tubes. T he r e a c t i o n  tube 

w a s  filled w i t h  t i t a n i u m  g r a n u l e s  and m a i n t a i n e d  at 9 0 0 °C 

t h r o u g h o u t  the p r o c e s s i n g  of the p o l y m e r  s p e c i m e n s  in o r d e r  

to act as a ’getter 1 for the r e s i d u a l  o x y g e n  in the argon.

The f u r n a c e  is s h own in Fig. 3.2, the t e m p e r a t u r e  wa s  

m a i n t a i n e d  b y  a C A L  m o d e l  6103 controller.

(ii) C a r b o n  H e a t - T r e a t m e n t  F u r n a c e

T h e  fu r n a c e  c o n s i s t e d  of a 900 m m  a l u m i n a  r e a c t i o n  

tube h e l d  in a h o r i z o n t a l  p o s i t i o n  w i t h i n  the furnace. H e a t  

w a s  s u p p l i e d  by e i g h t  " C r u s i l i t e "  e l e m e n t s  s u r r o u n d i n g  the 

r e a c t i o n  tube. The e l e m e n t s  are c o n n e c t e d  as two g r oups of 

four in series, w i t h  the t wo g r o u p s  b e i n g  c o n n e c t e d  in 

p a r a l l e l  w i t h  each other. C o n n e c t i o n s  to the gas s u p p l y  a re 

m ade v i a  w a t e r - c o o l e d  b r a s s  e n d - c a p s  e m p l o y i n g  "0 " rin g
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seals. The co n t r o l  t h e r m o c o u p l e  (Pt/Pt 10% Rh) w a s  s i t u a t e d  

b e t w e e n  the r e a c t i o n  tube and elements. A  r e - c r y s t a l l i s e d  

a l u m i n a  s p e c i m e n  boat, c a p a b l e  of h o l d i n g  20 b e a m  s p e c i m e n s  

5 cm. in l e ngth could be p l a c e d  inside the h o t  zone of the 

furnace. Th e  furnace is i l l u s t r a t e d  in Figs. 3.3 and 3.4.

The t e m p e r a t u r e  of the furnace was c o n t r o l l e d  b y  a 

E u r o t h e r m  c o n t r o l l e r  (Type P I D  070) a nd the h e a t i n g  or 

c o o l i n g  r a tes by  a E u r o t h e r m  p r o g r a m m e r  (Type 125), an 

a u x i l i a r y  u n i t  (Type 126) a nd a t i m e r  (Type 200). Such a 

s y s t e m  p r o v i d e s  a ver y  f l e x i b l e  h e a t - t r e a t m e n t  p r o f i l e  w i t h  

l i n e a r  h e a t i n g  or c o o l i n g  rates from 2° to 99°C p e r  h o u r  

(0.02 m V  to 0 . 9 9  m V  per hour). The p r o g r a m m e  p r o f i l e  u s e d  

in this s t u d y  is shown b e l o w : -

A w i r i n g  d i a g r a m  for the controller, p r o g r a m m e  u n its 

and f u r nace is shown in Fig. 3.5. G e n e r a l l y  t h ere w a s  o n l y  

a 3 or 4° d i f f e r e n c e  b e t w e e n  the s a mple and t h e r m o c o u p l e  

t e m p e r a t u r e s  d u r i n g  a h e a t i n g  and c o o l i n g  cycle and this wa s 

r e d u c e d  s t ill further d u r i n g  a h o l d  period. A p h o t o g r a p h  of 

the p r o c e s s i n g  a p p a r a t u s  is shown in Fig. 3.6.



Reaction Tube Alumina 900 mm Long 50 mm Dia.
Furnace Elements Crusilite Ellements (8) each of 3 Ohms Resistance
Furnace Resistance 6 Ohms.
Fig. 5.5 Carbon Heat Treatment Furnace



GAS INLET END OF 
FURNACE.

GAS EXIT END OF FURNACE

CIRCUIT DIAGRAM FOR FURNACE ELEMENTS

The eight crusilite elements are connected in two groups of four in series and the two groups 
in parallel with each other.

Fig. 3.4 Wiring Diagram of Carbon Heat Treatment Furnace Elements



INTERCONNECTION BETWEEN PROGRAMMER AND AUXILIARY SLOPE UNITS.

Fift'. 5.5 Circuit diagram for furnace, controller, programmer, auxiliary unit and timer.
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Fig. 3.6 The apparatus used in the p r o d u c t i o n  of amorphous

c a rbon



8 5

3.3 M i c r o s t r u c t u r a l  A n a l y s i s

3.3.1 S c a n n i n g  E l e c t r o n  M i c r o s c o p y

F r a c t u r e  faces w e r e  p r e p a r e d  fro m  p y r o l y s e d  b e a m

s p e c i m e n s  w h i c h  h a d  failed u n d e r  a m e c h a n i c a l  b e n d i n g  load.

T h e  specimens w e r e  c l e a n e d  in a l c o h o l  and m o u n t e d  on

s t a n d a r d  a l u m i n i u m  stubs u s i n g  R a w l p l u g  "Durofix"

a d h e sive. A  s m a l l  a m o u n t  of " S i l v e r  Dag" w a s  used to

p r o d u c e  a goo d  e l e c t r i c a l  c o n t a c t  b e t w e e n  stu b  and s p e c i m e n

w h i c h  p r e v e n t e d  c h a r g i n g  of the s p e c i m e n  in the e l e c t r o n

beam. S p e c i m e n s  w e r e  cut f rom b r o k e n  b e a m s  u s i n g  a d i a m o n d

s a w  and m o u n t e d  in a m i x t u r e  of e p o x y  r e s i n  and n a t u r a l

g r a p h i t e  ( a p p r o x i m a t e l y  1 0 % g r a p h i t e  to p r e v e n t  c h a r g i n g  in

the SEM) w i t h  the cut s u r f a c e  upp e r m o s t .  Th e  exposed

s u r f a c e s  w e r e  t h e n  p o l i s h e d  u s i n g  an  E n g i s  L t d . , "Kent Mk.

2A" a u t o m a t i c  p o l i s h i n g  m a c h i n e  w i t h  6 , 3, 1 and .25 /xm

d i a m o n d  i m p r e g n a t e d  laps. P o w d e r  samples w e r e  m i x e d  w i t h

e t h a n o l  to f orm a slurry. A  d r o p p e r  was used to i n t r o d u c e  a

small amou n t  of s l u r r y  o n t o  an a l u m i n i u m  stub. The e t h a n o l

w a s  a l l o w e d  to e v a p o r a t e  and the p o w d e r  m a d e  to a d h e r e  to
0t he stub b y  s p u t t e r i n g  w i t h  a 2 0 0 A  layer of gold.

3.3.2 Por e  S i z e  and D i s t r i b u t i o n  M e a s u r e m e n t  

A n a l y s i s  of p o r o s i t y  in t he a m o r p h o u s  carbons w a s

c a r r i e d  out u s i n g  a B a u s c h  and L o m b  " O m n i c o n  3000" i m age  

a n a l y s e r  i n t e r f a c e d  w i t h  a D a t a  G e n e r a l  "Nova 4" m i n i ­

computer. S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  of p o l i s h e d  

s u r f a c e s  w e r e  e n l a r g e d  to a r o u n d  1 0 " x 8" for analysis.

T h e  i n s t r u m e n t  i d e n t i f i e d  d i f f e r e n t  p h a s e s  b y  d i f f e r e n c e s  in 

c o n t r a s t  b u t  t he c o n t r a s t  in the p h o t o g r a p h s  was 

i n s u f f i c i e n t  for a c c u r a t e  m e a s u r e m e n t .  T his p r o b l e m

n e c e s s i t a t e d  t he p r o d u c t i o n  of r e p l i c a s  of the m i c r o g r a p h s  

a n  example of w h i c h  is s h own in Fig. 3.7.
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Fig. 3.7 E x a m p l e  of E l e c t r o n  M i c r o g r a p h  r e p lica used in

p o r o s i t y  analysis
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T h e  i m age a n a l y s e r  w a s  p r o g r a m m e d  to m e a s u r e  % por o s i t y , 

m a x i m u m  por e  size, m e a n  p o r e  size and p l o t  the p o r e  size  

d i s t r i b u t i o n  in the f o r m  of a h i s t o g r a m .

3.3.3 D e n s i t y  M e a s u r e m e n t s

T h e  v o l u m e  of the b u l k  s p e c i m e n  was found u s i n g  a 

w a t e r  d i s p l a c e m e n t  t e c h n i q u e .  T h e  w e i g h t  was found on a 

b a l a n c e  r e a d i n g  to ± 1 x 1 0 “4g. T h e  b u l k  d e n s i t y  of the 

a m o r p h o u s  c a r b o n  was c a l c u l a t e d  from;

P  — m  ( 3 . 1 )
v

w h e r e  p =  density, m  = mass, v = volume.

3 . 3 . 4  P o r o s i t y  M e a s u r e m e n t s

T h e  p o r o s i t y  of the m a t e r i a l  w a s  c a l c u l a t e d  from its 

d e n s i t y  data u s i n g  the f o l l o w i n g  r e l a t i o n s h i p :

% p o r o s i t y  = 10 0 ( Pt - Pb ) (3.2)
Pb

where, pt is the t h e o r e t i c a l  m a x i m u m  d e n s i t y  of the m a t e r i a l  

(taken as that of a m e c h a n i c a l l y  g r o u n d  p o w d e r  s a m p l e  =

1.635 gcm~3) and pb is the b u l k  density.

3 .4 P a r t i c l e  Size A n a l y s i s

T h e  p a r t i c l e  size d i s t r i b u t i o n s  of the g r a p h i t e  and 

zinc o x i d e  p o w d e r s  a d d e d  to the r e s i n  were m e a s u r e d  u s i n g  a 

M a l v e r n  "3600 P a r t i c l e  S i z e  A n a l y s e r " .  T h e  i n s t r u m e n t  

c o n s i s t s  of a laser source, sample cell ( c o n t a i n i n g  a 

d i s p e r s i o n  of the p a r t i c l e s  in a l i quid such as water,
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a c e t o n e  e t c . ,) and an a r r a y  of  c o n c e n t r i c  d i o d e s  to d e t e c t  

d i f f r a c t e d  light, all m o u n t e d  u p o n  an op t i c a l  bench. T he  

signal f r o m  the diode a r r a y  is a n a l y s e d  by a m o d i f i e d  

C o m m a d o r e  PET m i c r o  computer. The p a r t i c l e s  in s u s p e n s i o n  

d i f f r a c t  the light t h r o u g h  an angle 0 , the s m a l l e r  the 

p a r t i c l e  the g r e a t e r  is 6 . The a n g l e  of d i f f r a c t i o n  is 

t h e r e f o r e  r e l a t e d  to p a r t i c l e  size and the i n t e n s i t y  of 

d i f f r a c t e d  light at a n y  g i v e n  a n g l e  is r e l a t e d  to the 

p r o p o r t i o n  of p a r t i c l e s  of t h a t  size in the sample. The 

d i f f r a c t e d  light is c o l l e c t e d  and f o c u s e d  upon the a r r a y  b y  

a lens s y s t e m  w h i c h  is i n t e r c h a n g e a b l e  d e p e n d i n g  u p o n  the 

r e q u i r e d  range of p a r t i c l e  sizes.

3.5 M i c r o h a r d n e s s  T e s t i n g

The h a r d n e s s  of the m a t e r i a l  was d e t e r m i n e d  u s i n g  a

'Leitz m i c r o - h a r d n e s s '  t e s t i n g  ma c h i n e .  The D.P.H. n u m b e r

v/as d e t e r m i n e d  from the a v e r a g e  l e n g t h  of the two d i a g o n a l s

in the i n d e n t a t i o n  of a four sided d i a m o n d  p y r a m i d  u n d e r  an

a p p l i e d  load of 200g. The s p e c i m e n s  t e s t e d  w e r e  the

p o l i s h e d  faces set in e p o x y  r e s i n  u sed in p o r o s i t y

analysis. A  m ean v a l u e  f r o m  10 i m p r e s s i o n s  was t a k e n  and
othe s p e c i m e n s  w e r e  s p u t t e r e d  w i t h  a 200A l a yer of g o l d  p r i o r  

to t e s t i n g  to i m p rove r e f l e c t i v i t y  and ease m e a s u r e m e n t  of 

the d i a m o n d  i m p r essions.

3.6 M e c h a n i c a l  T e s t i n g  

3.6.1 S p e c i m e n  P r e p a r a t i o n

The su r f a c e s  of s p e c i m e n s  "as-r e m o v e d "  from the 

f u r n a c e  w e r e  s u f f i c i e n t l y  s m o o t h  (average flaw size < 5 0  fim) 

such t h a t  no special t r e a t m e n t  v/as r e q u i r e d  for s p e c i m e n s  

used in f r a c t u r e  t o u g h n e s s  m e a s u r e m e n t s  b e c a u s e  of the 

p r e s e n c e  of m a c h ined, cut notches. U n n o t c h e d  s p e c i m e n s  u s e d
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for M O R  t e s t s  were, h o w e v e r ,  s u b j e c t e d  to s u r face  

p r e p a r a t i o n  u s i n g  800 g r a d e  SiC p a p e r  p r i o r  to testing.

3.6.2 L o a d i n g  T e c h n i q u e s

A ll tests w ere p e r f o r m e d  in a ir u s i n g  a U n i v e r s a l  

I n s t r o n  m a c h i n e  for l o a d i n g  the specimens. A  c o m p r e s s i o n -  

t e n s i o n  l oad cell w i t h  a m a x i m u m  l o a d i n g  c a p a c i t y  o f  1 KN 

w as used. The l o a ding jig c o n s i s t e d  of an u p p e r  ram, w h i c h  

was a t t a c h e d  to the load cell, and s p e c i m e n  m o u n t  w h i c h  was 

fixed to the I n s t r o n  c r o s s  head. W i t h  the s p e c i m e n  in 

po s i t i o n ,  l oad was a p p l i e d  w h e n  the s p e c i m e n  m o u n t  wa s  

d r i v e n  a g a i n s t  the u p p e r  r am via the cross h e a d  m o v e m e n t .

3.6.3 F r a c t u r e  S t r e n g t h  D e t e r m i n a t i o n

T h e  m o d u l u s  of r u p t u r e  t e s t s  w e r e  c a r r i e d  out u s i n g  

t he 3 - p o i n t  bend jig s h o w n  in Figs. 3.8 a nd 3.10.

T he specimens, 4 x 6 x 40 mm. in  size, w e r e  loaded b e t w e e n  

t h r e e  p a r a l l e l  t u n g s t e n  c a r b i d e  rods so that the u p p e r  rod 

was s i t u a t e d  e x a c t l y  in the m i d d l e  of the two l o wer  

s u p p o r t i n g  rods, w h i c h  w e r e  3 mm. in diameter, and fixed in 

g r o o v e s  m a c h i n e d  o n  the u p p e r  r a m  and the s p e c i m e n  mount.

The s p e c i m e n s  wer e  b r o k e n  u s i n g  a 35 mm. span. The m o d u l u s  

of r u p t u r e  values w e r e  c a l c u l a t e d  u s i n g  e q u a t i o n  2.17.

3.6.4 F r a c t u r e  T o u g h n e s s  D e t e r m i n a t i o n

F r a c t u r e  t o u g h n e s s  p a r a m e t e r s  m a y  be d e t e r m i n e d  b y  the 

a n a l y t i c a l  me t h o d s  in w h i c h  the s t r e s s  i n t e n s i t y  f a c t o r  

(Kic) is m e a sured. T he t e s t  g e o m e t r y  used in this w o r k  was 

t h a t  of t h e  S i n g l e  E d g e  - N o t c h e d  Beam, the s o l u t i o n  of 

w h i c h  was t h a t  o b t a i n e d  from the a p p r o p r i a t e  m o d i f i e d  

G r i f f i t h  e q u a t i o n  (95) in w h i c h  Kic is e x p r e s s e d  as a 

f u n c t i o n  of a p p l i e d  load, c r a c k  size and sample dime n s i o n s .  

The c r i t i c a l  stress i n t e n s i t y  was t h e n  c a l c u l a t e d  f rom the
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c r i t i c a l  load at failure. The s p e c i m e n  g e o m e t r y  and 

r e c o m m e n d e d  p r o p o r t i o n a l  d i m e n s i o n s  for SENB s p e c i m e n s  in 

3 - p o i n t  b e n d i n g  are s h own in Fig. 3.9. T h ese s p e c i m e n s  are 

c o m p a c t  and of simple g e o m e t r y  and h e n c e  are r e l a t i v e l y  

e a s i l y  and r e a d i l y  prepared. The size of s p e c i m e n  used w as 

6 x 4 x 40 mm. A  b l u n t  n o t c h  of l e n g t h  'a', a p p r o x i m a t e l y  

h a l f  the w i d t h  of the s p e c i m e n  w a s  i n t r o d u c e d  m i d w a y  a l o n g  

the s p e c i m e n s ' length.

T he sawn n o t ches w e r e  m a d e  u s i n g  a C a p c o  d i a m o n d  

c u t t i n g  m a c h i n e  in w h i c h  the s p e c i m e n  was m o v e d  a g a i n s t  a 

h i g h  speed (4000 rpm) d i a m o n d  b l a d e  of 0.25 mm. c u t t i n g  

thickness. B e c a u s e  the m a t e r i a l  is so b r i t t l e  a s p e c i a l  jig 

h a d  to be d e s i g n e d  and b u i l t  to h o l d  the s p e cimens r i g i d  

w h i l e  the n o tches w e r e  cut. Fig. 3.10 shows the d r a w i n g s  

used in m a k i n g  the jig and Fig. 3.11 the jig and c u t t i n g  

m a c h i n e  in use. The s p e c i m e n  m o v e m e n t  was s t o p p e d  o n c e  the 

d e s i r e d  n o t c h  d e p t h  w a s  a c h i e v e d  and h a d  to be r e v e r s e d  

manually. H o n i l o  43 - red oil f l owed on the c u t t i n g  p o i n t  

in o r d e r  to l u b r i c a t e  and cool the blade.

T h e  SENB s p e c i m e n s  w e r e  t e s t e d  in the 3 - p oint rig u s e d  

in the m o d u l u s  of r u p t u r e  t e s t  u s i n g  a 24 mm. span. T h e y  

w e r e  l o a d e d  so that the u p p e r  r od was s i t u a t e d  in the same 

p l a n e  as the notch in the m i d d l e  of the two l o wer s u p p o r t i n g  

rods (Ref. Fig. 3.8). The fra c t u r e  t o u g h n e s s  (K|q) w a s  

c a l c u l a t e d  from e q u a t i o n  2.30. The d i m e n s i o n a l  c a l i b r a t i o n  

f a c t o r  (y) a c c o u n t s  for a l l o w e d  v a r i a t i o n s  in the r a t i o  of 

c r a c k  l e n g t h / s p e c i m e n  depth. Th e  v a lues of y w e r e  

c a l c u l a t e d  from the e x p r e s s i o n  g i v e n  b y  S r a w l e y  a n d  B r o w n
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(114) and are p l o t t e d  in Fig. 3.13

fo r  s p a n  = 4 
d e p t h

y  = 1.93 - 3.07 + 13.66 a
d

- 2 3 . 9 8

(3.3)
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Fig. 3.8 T h e  3 - p o i n t  b e n d i n g  jig.

I> 4d NOTCH
WIDTH < i 6 d

Fig. 3.9 T h e  S.N.E.B. s p e c i m e n  and the r e c o m m e n d e d  
d i m e n s i o n  p r o p o r t i o n a l  r e l a tions.
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Fig. 3.10 3-point ben d  jig used in the st r e n g t h  and

t o u g h n e s s  testing of a m o r p h o u s  c a r b o n
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Fig. 3.12 App a r a t u s  used to cut notches in specimens for

F r a c t u r e  T o u g h n e s s  Tests.



Fig. 
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S E C T I O N  4

R E S U L T S  A N D  D I S C U S S I O N

4.1. P o l y m e r  P r o d u c t i o n

S a m p l e  p r e p a r a t i o n  u s ing s i l i c o n e  r u b b e r  m o u l d s  p r o v e d  

to b e  v ery s u c c e s s f u l  and a s e r i e s  of b a t c h e s  w e r e  p r o d u c e d  

u s i n g  d i f f e r e n t  c u r i n g  c onditions, c a t a l y s t  c o n c e n t r a t i o n s  

and a m o u n t s  of c o m p o s i t e  c o n s t i t u e n t s .  It was n ot p o s s i b l e  

to c u r e  the r e s i n  at t e m p e r a t u r e s  b e l o w  6 0 °C b e c a u s e  the 

p o l y m e r i s a t i o n  k i n e t i c s  w e r e  too slow. A b o v e  a c u r i n g  

t e m p e r a t u r e  of 1 0 0 °C t h e  r e s i n  b l o c k s  w e r e  of v e r y  p o o r  

q u a l i t y  due to large t r a p p e d  a i r  bubbles. This o c c u r r e d  

b e c a u s e  the p o l y m e r i s a t i o n  p r o c e e d s  t o o  q u i c k l y  at h i g h e r  

t e m p e r a t u r e s .  Th e  s u r f a c e  of th e  r e s i n  s o l i d i f i e d  b e f o r e  

the w a t e r  v a p o u r  p r o d u c e d  d u r i n g  the r e a c t i o n  w as able to 

escape. Resins p r o d u c e d  in t he r a n g e  60 - 1 0 0 °C w e r e  of 

g o o d  q u a l i t y  w i t h  v e r y  few t r a p p e d  air b u b b l e s  and e a s i l y  

c o n v e r t e d  into the b e a m  g e o m e t r y  r e q u i r e d  for h e a t  

t r e a t m e n t / m e c h a n i c a l  testing.

4.2. P y r o l y s i s

T o  p r o d u c e  s p e c i m e n s  of a n  a c c e p t a b l e  s t a n d a r d  for use 

in b e n d  tests, a c o n s i d e r a b l e  a m o u n t  of w o r k  was r e q u i r e d  in 

o r d e r  to m o d i f y  the h e a t i n g  p r o g r a m m e  p r e v i o u s l y  u sed in the 

p r o c e s s i n g  of sub. mm. p e n c i l  leads to make it s u i t a b l e  for 

the m o r e  d i f f i c u l t  tas k  of p y r o l y s i n g  the b e a m  specimens. 

Initially, t h e r e  w e r e  severe p r o b l e m s  with s p e c i m e n s  d i s i n ­

t e g r a t i n g  on h e a t i n g  due to the inter n a l  str e s s e s  set up 

a r o u n d  t r a p p e d  a i r  b u b b l e s  and o t h e r  i r r e g u l a r i t i e s  as the
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t e m p e r a t u r e  was raised. Thi s  w as c o m b a t t e d  b y  s l o w i n g  down 

c o n s i d e r a b l y  the h e a t i n g  and c o o l i n g  rates. The p r o g r a m m e  

f i n a l l y  u sed i n v o l v e d  h e a t i n g  f r o m  a m b i e n t  to 1 0 0 0 °C 

(10.2mV) at 5 0 °G p er h o u r  ( O ^ m V h r " 1 ) h o l d i n g  for 10 h o u r s  

a nd c o o l i n g  at 133°C p e r  h o u r  ( 0.99mVhr*"l) . The c a r b o n  

p r o d u c e d  m a i n t a i n e d  the r e g u l a r  g e o m e t r y  and s m o o t h  s u r f a c e  

of the p r e c u r s o r .  A p p r o x i m a t e l y  20% l i n e a r  s h r i n k a g e  w a s  

o b s e r v e d  a n d  50% b y  volume. C a r b o n  y i e l d s  g e n e r a l l y  v a r i e d  

b e t w e e n  50 a nd 60%.

4.3. I n i t i a l  e x a m i n a t i o n  of  a m o r p h o u s  c a r b o n  p r o d u c e d  b y  

p y r o l y s i s  of p ure p o l y f u r f u r y l  a l c o h o l  r e sin

An  in i t i a l  i n v e s t i g a t i o n  of the am o r p h o u s  c a r b o n  

p r o d u c e d  b y  the m e t h o d  d e v i s e d  for this w o r k  was c a r r i e d  out 

on r e s i n  c u red at 8 0 °C for 24 h o u r s  u s i n g  3% c a t a l y s t  b y  

weight, as this w as b e l i e v e d  b y  p r e v i o u s  w o r k e r s  (115) to 

p r o d u c e  the b e s t  results. T a b l e  4.1 lists the p r o p e r t i e s  of 

the a m o r p h o u s  carbon.

P r o p e r t y V a lue

C a r b o n  y i e l d  
L i n e a r  s h r i n k a g e  
V o l u m e  s h r i n k a g e  
B u l k  d e n s i t y  
P o r o s i t y *
H a r d n e s s
M a x i m u m  p o r e  size 
M e a n  p o r e  size 
M o d u l u s  of R u p t u r e  
F r a c t u r e  t o u g h n e s s  (Kic )

5 6 .48%
1 9 .74%
4 8 . 3 2 %
1 . 5 2 3  gem"" 3
7.354%
26 4  VPN 
7 . 99fjun 
4 . 70/xm 
1 4 .42 M N m - 2 
0.293 M N m - 3 / 2

* c a l c u l a t e d  from e q n . 3.2

T a b l e  4.1 P r o p e r t i e s  of a m o r p h o u s  c a r b o n  p r o d u c e d  b y  

p y r o l y s i n g  p u r e  p o l y f u r f u r y l  a l c o h o l  r e s i n  at 1 0 0 0 °C.
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The c a r b o n  p r o d u c e d  is of v e r y  g o o d  quality, e v e n  w h e n  

c o m p a r e d  to m a n y  c o m m e r c i a l l y  a v a i l a b l e  products, h a v i n g  a 

d e n s i t y  of 1.523 gcm“3# qt ±s v e r y  h a r d  (264 V P N ) an d  f a i r l y  

s t r o n g  for this type of material, w i t h  an  M O R  of 14.42MNm~2. 

F i g  4.1 shows a g e n eral S E M  v i e w  of a f r a c t u r e  face f rom a 

samp l e  b r o k e n  in bending. The fracture is i n i t i a l l y  flat at 

the edges of the s p e c i m e n  m o v i n g  into a c o n c o i d a l  f r a c t u r e  

s u r f a c e  at the centre. This is t y p i c a l  of b r i t t l e  f a i l u r e  

in a g l a s s y  m a t e r i a l .  Fig. 4.2, a h i g h e r  m a g n i f i c a t i o n  

m i c r o g r a p h  of the c o n c o i d a l  f r a c t u r e  area, shows some 

e v i d e n c e  of m i c r o c r a c k i n g  in w h a t  is o t h e r w i s e  a v e r y

feat u r e l e s s  picture, i n d i c a t i n g  the e x t r e m e  b r i t t l e n e s s  of 

the material. Th e  b r i t t l e n e s s  is f u r t h e r  i l l u s t r a t e d  b y  the 

v e r y  l ow v a lue of fracture t o u g h n e s s  obs e r v e d ,  K IC =

0 . 2 9 3 M N m - 3 / 2 .

It can be seen from the m i c r o g r a p h s  tha t  failure in 

the m a t e r i a l  w a s  i n i t i a t e d  at i n t e r i o r  s p h e r i c a l  pores. 

M i c r o g r a p h s  of these pores, w h i c h  a p p e a r  to be u n i f o r m l y  

d i s t r i b u t e d  w i t h i n  the m a t e rial, are s h o w n  in Figs. 4.3 and

4.4. The very r o u n d e d  n a t u r e  of the p o res su g g e s t s  t h a t  

t h e y  w e r e  p r o d u c e d  b y  the e v o l u t i o n  of w a t e r  v a p o u r  d u r i n g  

c u r i n g  and the i n itial stages of firing r a t h e r  tha n  as a 

r e s u l t  of h i g h  t e m p e r a t u r e  h e a t  t reatment. T h a t  is to say, 

t h e y  a p p e a r  to be  a c o n s e q u e n c e  of the m e t h o d  of p r o d u c t i o n

and not i n t r i n s i c  to the material.
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Fig. 4.1 F r a c t u r e  face of a m o r p h o u s  c a r b o n  sample showing  

i n i t i a l l y  flat fracture s p r e a d i n g  into con c o i d a l  a r e a  (x35)

Fig. 4.2 Mic r o g r a p h  of c o n coidal fracture area showing 
evidence of m i c r o c r a c k i n g  (xlOO)
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Fig. 4.3 Rounded, fine g r ained p o r o s i t y  in a m o r p h o u s  c a rbon  

(x l O O O )

Fig. 4.4 As above (x3500)
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E v i d e n c e  t h a t  the m a t e r i a l  r e t a i n s  some of its e l a s t i c  

p r o p e r t i e s  a f t e r  h e a t  t r e a t m e n t  was shown d u r i n g  h a r d n e s s  

testing. W h e n  an i m p r e s s i o n  w a s  m a d e  using a diamond, a 

small c r o s s - s h a p e d  c r a c k  was m a d e  b y  the p o i n t  of the 

i n d e n t o r  w h i c h  w as s u r r o u n d e d  b y  a d i a m o n d  s h aped 

impr e s s i o n .  This o u t e r  i m p r e s s i o n  s t a r t e d  to d i s a p p e a r  

a l m o s t  as s o o n  as the p r e s s u r e  w a s  removed, m a k i n g  q u i c k  

m e a s u r e m e n t  a n e c e s s i t y !  This p h e n o m e n o n  h a s  a l s o  b e e n  

r e p o r t e d  b y  C o w l a r d  and L e w i s  (105).

The l i t e r a t u r e  s u r v e y  a nd s c a n n i n g  e l e c t r o n  m i c r o s c o p e  

s t u d i e s  s u g g e s t  t h a t  t h e r e  a re e s s e n t i a l l y  t wo types of 

p o r o s i t y  p r e s e n t  in the m a t e rial. Firstly, an  A n g s t r o m  s c ale 

p o r o s i t y  c a n  be d i s c e r n e d  u s i n g  X - R a y  small a n gle s c a t t e r i n g  

a nd h i g h  r e s o l u t i o n  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  Thi s 

r e s u l t s  from the s t r u c t u r e  of the ma t e r i a l .  T he r a n d o m  

c h a i n  n e t w o r k  c a n n o t  fill s p ace e f f i c i e n t l y  and p r o d u c e s  

t h i s  small scale p o r o s i t y  w h i c h  c a n  t h e r e f o r e  be t h o u g h t  of 

as i n h e r e n t  to the m a t erial. Secondly, t h e r e  is a u n i f o r m l y  

d i s t r i b u t e d  m i c r o n - s c a l e  por o s i t y .  These p o r e s  a re v e r y  

r o u n d e d  (roughly s p h e r i c a l  in shape) and, as such, a p p e a r  to 

h a v e  b e e n  formed b y  the e v o l u t i o n  of w a t e r  v a p o u r  d u r i n g  an 

e a r l y  stage of p r o d u c t i o n .

T h e  p o r e  sizes m e a s u r e d  fro m  m i c r o g r a p h s  b y  the image 

a n a l y s e r  are no t  the true p ore sizes and t h e r e f o r e  h a v e  to 

b e  corrected. S i n c e  the true p o r e s  are s p h e r i c a l  and the 

p ore sizes are m e a s u r e d  b y  g e n e r a t i n g  r a n d o m  chords, 

s e c t i o n s  t h r o u g h  t h e m  r a r e l y  p a s s  t h r o u g h  the diameter.
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PORE SIZE/̂ m
FIG.A5. PORE SIZE DISTRIBUTION IN AMORPHOUS CARBON.
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The "apparent" pore size may, however, be corrected to the 
actual pore size using Saltykov's Method (116). Fig. 4.5 
shows the distribution of the pores within the material.
The pores are distributed over a fairly narrow range between
1.9 and Qfjim. with the distributon skewed towards the smaller 
sizes. The largest pore observed was 7.99/xm and the mean 
pore size 4.7jU,m. Although porosity in a material is 
detremental to the strength because of the stress 
concentrations created, Rautavuori and Tormala (117) have 
suggested that porosity in amorphous carbon is essential in 
production as it allows the escape of pyrolysis gases. 
Assuming that the maximum theoretical density of the 
material approximates to that of a finely ground powder 
sample, the carbon produced contained approximately 7^% 
porosity.
4.4 The effect of curing time of the resin on the 
properties of the resulting amorphous carbon

A series of polymer batches were prepared and fired in 
which the time of curing was varied from 3 to 72 hours,while 
the temperature of curing and catalyst concentration 
remained constant at 80°C and 3% by weight respectively.
The polymer samples varied in resilience from being 
rubber-like to gradually becoming hard and glassy as the 
curing time was increased. It therefore seems a reasonable 
assumption that the curing time is an approximate measure of 
the degree of polymerisation. The effect of curing 
time/degree of polymerisation of the resin upon the 
properties of the resulting carbon are shown in Tables 4.2 
and 4.3.a and b and figs. 4.6 through 4.10.
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The carbon yield, hardness, modulus of rupture and 
fracture toughness of the material initially increased 
rapidly with curing time and then tailed off to a plateau at 
around 48 hours. The increase in carbon yield occurred 
because some of the low molecular weight chains or unreacted 
monomer in the partially polymerised resin were driven off 
during pyrolysis, along with non-carbonaceous side groups.
As the curing time was increased the chains became longer 
and more and more 3-dimensionally cross-linked and so less 
carbon was driven off. Kawamura (110) has shown that 
Young's modulus and hardness of vitreous carbon are related, 
and so an increase in stiffness due to increased 
cross-linking is to be expected. The increase in cross- 
linking also makes the propagation of cracks through the 
material more difficult and as a result improved the 
strength and toughness.

The amount of shrinkage decreased linearly (it would 
appear) with increasing curing time. This suggests that the 
carbon chains alter their configuration slightly to take up 
the space vacated by molecules which have been driven off, as 
the bulk density was not observed to vary. The maximum and 
mean pore sizes and pore size distributions do not seem to 
vary with curing time which shows that the pores are not 
produced by molecules driven off during the pyrolysis
proces s.



Batch
Number

Time of 
Curing/ 
Hours

Carbon 
Yield/%

Linear
Shrinkage/

%
Volume

Shrinkage
/%

Bulk 
Dens ity 
/gcm-3

Calculated 
Poros ity/

%
Measured
Porosity/a'O

Maximum 
Pore Size 

/jX m
Mean Pore 

Size/
(.tin

Hardness 
/VPN

1 8 51.42 19.92 51.65 1.52 7.01 4.44 8.43 4.66 207
2 16 55.32 19.88 50.83 1 .53 6.42 4.32 8.54 4.91 2 26
3 24 56.48 19.74 48.3 2 1.52 6.85 4.59 7.99 4.70 264
4 48 57.35 19.63 44.92 1.52 6.79 4.61 8.69 4.82 304
5 72 57.42 19.44 43.18 1.52 7.03 4.45 7.84 4.73 305

TABLE 4.2
The effect of curing time at 80°C on the physical properties of pyrolysed polyfurfuryl alcohol. 
NOTES
a. Calculated Porosity obtained using Eqn. (3.2)
b. Measured Porosity found using image analyser.
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Batch
Number

Modulus of 
Rupture /MNm"*2

Standard deviation 
/MNm“2

90% confidence 
interval/MNm“2

1 10.01 2.96 ±1.01
2 11.58 3.19 ±1.09
3 14.42 3.56 ±1.21
4 15.21 3.8 ±1.16
5 15.40 3.10 ±1.06

a. Modulus of rupture

Batch 
Numbe r

Kic /MNm“3/2 Standard deviation 
/MNm”3/2

90% confidence 
interval/MNm“3/2

1 0.220 0.033 0.012
2 0.264 0.033 0.011

3 0.293 0.029 0.009
4 0.383 0. 039 0.014
5 0.386 0.037 0.012

b. Fracture toughness

Table 4.3 The variation of mechanical properties of 
amorphous carbon with curing time of the resin precursor.

The results show that the mechanical properties of 
vitreous carbon are improved with increased viscosity 
(degree of polymerisation) of the resin precursor. This is 
not completely true however, as there is an optimum resin 
viscosity as reported by Dickinson and Wewerka (78).
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There are two reasons for this. Firstly, the improvements 
in mechanical properties tailed off to a plateau as the 
polymerisation approached completion, and secondly, if the 
degree of cross-linking is too great the rigidity of the 
resin causes the build up of large thermal stresses which 
can lead to catastrophe failure. This was illustrated by a 
batch polymerised for 168 hrs. at 80°C which completely 
disintegrated on firing.

It was noted that there was generally a difference of
about 2.5% between the measured and calculated porosities.
The measured porosity, obtained using the image analyser, is
the amount of fim scale porosity produced by the evolution of
water vapour and low molecular weight chains during curing
and the initial stages of heat treatment. The calculated
porosity is the larger of the two because it also includes 

osome of the A-scale porosity which is inherent to the 
structure of the material. The calculated value is not an 
absolute measure of the porosity in the material because it 
is a comparison with a powder density and not even the most 
severe grinding to a fine powder can eliminate all of these 
ultra-small pores. It is, however, useful in comparative 
work since the standard is always the same.

The significant scatter observed in the modulus of 
rupture results is due to irregularities in the structure 
such as microcracks and pores and also because of the 
problems mentioned earlier (section 2.6.4) causing 
difficulties in measuring MOR accurately in 3-point bending.



- 109



10

CARBON.

8 16 2U LQCURING TIME/HRSFIG.4-9 EFFECT OF RESIN CURING TIME ON MODULUS OF RUPTURE OF PYROLYSED POLYFURANOL



I l l

TOUGHNESS OF VITREOUS CARBON.

The spread of results about the mean varies between 20 - 
30%. Improvements in the mechanical properties of the 
carbon are associated with improvements in the integrity of 
the precursor and thus explain the decrease in scatter of 
results as the strength and toughness increased. The 
variation in K )c measurements was much less (10 - 15%) and 
shows that this is much more of a material property and, 
therefore a more accurate representation of the mechanical 
properties.
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4.5 Effect of curing temperature on the properties of 
pyrolysed polyfurfuryl alcohol

Batches 6, 7, 3, 8 and 9 represent a series of 
experiments in which the catalyst concentration and length 
of cure were kept constant (3% and 24 hours respectively) 
and the temperature of curing varied from 60 - 100°C. The 
results, which appear in Tables 4.4 and 4.5 and Figs. 4.11 
through 4.15, show that the strength and toughness rise to a 
maximum at around 80°C and then fall away sharply as the 
temperature is increased. The explanation for this is that 
below 80°C the resin was still only partially polymerised 
after 24 hours and some low molecular weight material lost 
during firing as illustrated by the low carbon yields from 
batches 6 and 7. Above 80°C a "ripening" of the porosity 
was observed.

The amount of measured porosity remains the same but 
the maximum and mean pore sizes were increased as shown in 
Figs, 4.14 and 4.15. It appears that the increased 
temperature acts as a driving force for the diffusion of 
water vapour through the curing resin and the larger pores 
grew at the expense of the small ones.
The dramatic fall off in strength and toughness 
occured because the flaw size in the material was 
effectively increased by the ripening of porosity. One 
anomoly in the results can be seen in the hardness values. 
The hardness rose with curing temperature up to a maximum at 
80°C and then fell away. The increase with temperature is 
expected due to the increased degree of cross-linking which 
makes the material stiffer. One would expect hardness to
decrease with an increase in the amount of porosity but in 
this case the amount of porosity remained the same, only its 
size was changed.



Batch
Number

Time of 
Curing/ 
Hours

Carbon
Yield/%

Linear
Shrinkage/

%

Volume 
Shrinkage/o,*6

Bulk
Density
/gem-3

Calculated
Porosity/

%
Measured
Porosity/

%
Maximum 

Pore Size 
fjim

Mean Pore 
Size/ 
fim

Iiardnes s 
/VPN

6 60 54. 25 18.62 50.19 1.52 6.42 3.48 8.31 4. 79 232
7 70 56.32 19.02 47.54 1.52 7.03 4.61 8.40 4.61 248.5
3 80 56.48 19.74 48.32 1.52 6.85 4. 59 7.99 4. 70 264
8 90 56.40 19.81 48.87 1.51 7.50 4. 71 10.57 5.76 242
9 100 56.44 19.83 49.16 1.52 6.83 4.35 11.15 6.18 208

I

V>l
I

TABLE 4.4
Effect of curing temperature on the properties of pyrolysed polyfurfuryl alcohol 
NOTES
All samples cured for 24 hours, catalyst concentration constant at 3% (by weight).
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Batch
Number

Modulus of 
Rupture/MNm-2

Standard deviation 
/MNm“2

90% confidence 
interval/MNm-2

6 12.33 3.57 ±1.2 2
7 13.85 3.47 ±1.19
3 14.42 3.56 ±1.21
8 10.66 2.70 ±1.3 2
9 7.30 3.33 ±1.01

a. Modulus of rupture

Batch
Number

K |c /MNm”3/2 Standard deviation 
/MNm-3/2

90% confidence 
interval/MNm“3/2

6 0.235 0.033 ±0.011
7 0.262 0.033 ±0.012
3 0.293 0.029 ±0.009
8 0.221 0.034 ±0.012
9 0.158 0.026 ±0.010

b. Fracture toughness

Table 4.5 Effect of curing temperature of resin precursor 
on the mechnical properties of vitreous carbon.

In 1974 Zarzycki (118) carried out an experiment in 
which he measured the Young's modulus of a glass containing 
a dispersed second phase of amorphous spherical particles. 
He found that, if the volume fraction of the second phase 
remained constant, the Young's Modulus decreased as the 
texture of the structure coarsened. This phenomena can be 
related to changes observed in the hardness of vitreous 
carbon if it is assumed that the spherical pores can be 
considered as a second phase within the glassy material.
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a .

Fig. 4.14 Electron micrographs showing the effect of 
curing temperature on the microstructure of amorphous

80 °C

90 °C

100°C 

res in

carbon
100m
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4.6 Effect of catalyst concentration on the properties of 
pyrolysed polyfurfuryl alcohol

To assess the effect of catalyst concentration the 
temperature and length of cure were kept constant at 80°C 

and 24 hours and the catalyst concentration varied from 1 to 
9%. The results appear in Tables 4.6 and 4.7 and Figs. 4.16 
through 4.20. Introduction of more catalyst also increased 
the amount of water introduced into the resin. This water 
would be driven off during the early stages of curing 
leading to a lower bulk density and increased porosity. If 
the amount of porosity in the material is increased the 
propagation of cracks becomes easier and leads to a 
reduction in strength and toughness. Increased porosity 
also caused a decrease in hardness. One can think of the 
hardness of a material as a measure of its Young’s modulus.
A porous material can be thought of in terms of a composite 
between the material and a gas. In other words, we are 
considering a composite between two materials, one of which 
has, effectively, no strength or stiffness. If the volume 
fraction of pores is increased the modulus will fall, 
according to a first approximation, by the law of mixtures. 
The carbon yield was observed to decrease with increased 
catalyst concentration (fig. 4.16). This occured because 
the amount of non-carbonaceous material in the resin was 
increased. The zinc chloride volatilizes at high 
temperature and there must also have been some residual 
water in the resin driven off during the early stages of 
heat treatment to account for the reduction in carbon yield.



Batch
Number

Catalyst
Concentration

/%

Carbon 
Yield/%

Linear
Shrinkage/

%
Volume 

Shrinkage/
%

Bulk 
Dens ity 
/gcm-^

Calculated
Porosity/

%
Measured
Porosity/

o .
'o

Maximum 
Pore Size 

/pirn

Mean Pore 
Size/ 
fxm.

Hardness
/VPN

10 1 59.80 19.56 49.37 1.56 4. 62 1.49 7.18 4.77 309
3 3 56.48 19.74 48.32 1.52 6.85 4.59 7.99 4.70 264

11 5 56.00 18.52 52.35 1.50 9.34 6.41 8.40 4.83 254
12 7 54.62 18.46 54. 14 1.45 11.31 7.98 8.07 4. 26 196
13 9 52.81 19.09 54.59 1.43 12.54 10.38 7.14 4.68 165

TABLE 4.6
Effect of Catalyst concentration on the properties of pyrolysed polyfurfuryl alcohol 
NOTES
All samples cured for 24 hours at 80°C

120
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Batch
Number

Modulus of 
Rupture /MNnf2

Standard deviation 
/MNitT2

90% confidence 
i nt e rva 1 / MNnf2

10 17.13 3.33 ±1.01
3 14.42 3.56 ±1.21

11 11.48 1.97 ±0.66
12 8.88 3.05 ±1.04
13 7.05 2.79 ±0.95

a. Modulus of rupture

Batch
Number

K IC/MNm”3/2 Standard deviation 
/MNm-3/2

90% confidence 
interval/MNm”3/2

10 0.357 0.032 ±0.010
3 0.293 0.039 ±0.013

11 0.243 0.029 ±0.009
12 0.196 0.037 ±0.013
13 0.156 0.037 ±0.010

b. Fracture toughness

Table 4.7 Effect of catalyst concentration in resin 
precursor on the mechanical properties of amorphous carbon.
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Fig. 4.20 Effect of catalyst concentration on the
microstructure of pyrolysed polyfurfuryl alcohol
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4.7 Summary of experiments carried out on pure resin
a. Effect, of curing time

The carbon yield, hardness, modulus of rupture and 
fracture toughness have all been observed to increase 
with increased time of curing of the resin at 30°C. The 
results would indicate that a minimum of 43 hours is 
required to obtain properties close to the optimum 
values.

b. Effect of varying the curing temperature
The carbon yield was found to be independant of curing 
temperature in the range 60 to 100°C. However, the 
hardness, modulus of rupture and fracture toughness all 
showed a maximum for samples cured at 80°C. Above 80°C 
the residual pores in the material increased in size 
which led to a decrease in the mechanical properties of 
samples cured above this temperature.

c . Effect of catalyst concentration
Increasing the amount of added aqueous ZnCl2 catalyst 
increases the amount of water added to the system. This 
increased the porosity of the amorphous carbon with 
subsequent decreases to the carbon yield, bulk density, 
modulus of rupture and fracture toughness.
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4.8 Vitreous Carbon - Graphite Composites 
4.8.1 Introduction

Many ceramic materials of commercial importance 
comprise of a crystalline phase or phases embedded in a 
glassy matrix. These include, for example, debased aluminas 
(/^;85% AI2O3 in glass) and electrical porcelains. The 
factors which control the mechanical properties of such 
materials are known but not fully understood. Because of 
this a number of studies have been performed on 'model' 
systems, generally particles of a crystalline ceramic, often 
in spherical form, in various glassy matrices. The 
important factors which control the mechanical properties of 
these composite materials are (119) : (a) The expansion
coefficients of the two phases, (b) the volume fraction of 
the crystalline phase, (c) the particle size of the 
crystalline phase and (d) the elastic properties of the two 
phases. In this work the effect of (b) and (c) have been 
investigated in a composite comprising natural graphite in a 
vitreous carbon matrix.

The incorporation of a strong second phase into a 
material to form a composite with superior mechanical 
properties is loosely termed 'dispersed phase toughening' 
Claussen (120) observed this effect in composites fabricated 
from AI2O3 and unstabilized Zr02 powder. The fracture 
toughness of these composites was shown to be dependent on 
the volume fraction of Zr02 particles. From these 
observations, Claussen deduced that the increase in toughness 
results from small matrix microcracks absorbing energy by 
controlled propagation. The cracks arise during fabrication
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as a result of the different thermal expansion of the 
constituent phases. The generation of stable microcracks is 
not necessarily connected with an increase in fracture 
toughness but in a brittle composite with residual stress 
distribution (of which vitreous carbon/graphite is an 
example) this toughening mechanism is thought likely to 
occur.

Davidge and Green (121) experimented on the effect of 
the particle size of the dispersed phase on the strength of 
the composite. They studied the effect of thoria spheres of 
various diameters embedded in a glassy matrix and found that 
stresses occured around the spheres due to differences in 
the expansion coefficients on cooling from the fabrication 
temperature. Stress concentration occured near the spheres 
due to differences in elastic properties in the presence of 
an applied stress. Providing the expansion coefficient of 
the particles was greater than that of the glass (as in 
vitreous carbon/graphite) circumferential cracks formed 
around the spheres when the sphere diameter was greater than 
a critical value. This critical diameter arises when the 
size of the particles becomes greater than those of the 
inherent Griffith flaws already present in the matrix.
Larger particles cause increased internal stress in the 
glass and are therefore more deleterous to the strength than 
small particles. The strongest composite, other things 
being equal, is likely to be one with the finest dispersed 
particle size.
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There are various possible mechanisms for the increase 
in toughness by the inclusion of second phase particles. 
These mechanisms have been reviewed by Green (122).
Firstly, the fracture energy may be increased by an 
augmentation in the surface area of fracture as follows:

% = Y m (4.1)

where %  and Tm are fracture energies of the composite and 
matrix respectively, is the true surface area and Ap
the planar surface area. This effect is, however, too small 
to account for the observed increases in toughness.
Secondly, the fracture energy may be increased by the 
creation of fracture surface steps. These arise when the 
crack front is divided and forced into different planes. 
'River' markings have been observed frequently on the 
surfaces of two phase materials (123). The additional 
energy depends on the volume fraction of the second phase 
(Vp).

^c=%i(l~Vp) + S J l
d c

(4.2)

Where S is a constant, h the step height and d C the centre 
to centre interparticle spacing. Thirdly, the fracture 
toughness maybe increased by a bowing of the crack front 
between the particles. This mechanism was originally 
suggested by Lange (124) and is analagous to the line 
tension concept used in dislocation theory. A fourth
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possible mechanism to account for the increase in toughness 
caused by dispersed phase inclusions is a decohesion of the 
particles from the matrix ahead of the crack tip giving rise 
to crack tip blunting. This phenonema was observed by Owen 
(125) in study of the fracture of epoxy resin filled with 
glass beads.

Maloney, Kausch and Stieger (126) measured the 
fracture properties of an epoxy resin filled with silica 
glass, alumina and dolomite particles and were able to 
produce some general conclusions about the effects of 
dispersed phase toughening: Glassy matrices may be
toughened by the addition of rigid particulate fillers but 
the maximum increase in toughness may, however, only be 
obtained under certain conditions.
1. The particles must be stronger than the matrix; the 

mere presence of interfaces is insufficient to promote 
increased toughness.

2. A certain minimum adhesion between the filler and 
the matrix is necessary for toughening from crack bowing.

3. The particle shape plays an important role in 
determining the toughness of the composite. The theoretical 
work of Green and the experimental results of Maloney, et al 
showed that spheres are less effective in increasing 
toughness than irregularly shaped particles.
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4.8.2 Effect of Volume Fractions of Graphite on the 
Properties of the Composite

Composites of vitreous carbon and natural graphite 
were formed by pyrolysing polyfurfuryl alcohol resin to 
which natural graphite powder had been added as a known 
weight % prior to curing. The amount of graphite added was 
varied from 0 to 40% and the curing conditions kept constant 
at 80°C for 24 hours with 3% (by weight) catalyst added. It 
was not possible to prepare test specimens containing more 
than 15% graphite because of the presence of air bubbles 
trapped during mixing. These air bubbles were formed 
because the vacuum equipment used was not powerful enough to 
remove them from the viscous green mixture. During heat 
treatment large thermal stresses were built up around the 
air bubbles and caused fracture of the specimens. The 
physical and mechanical properties of the composites 
produced are presented in tables 4.8 and 4.9.

The carbon yield increased with volume fraction of 
graphite in the composite (Fig. 4.21) because none of the 
graphite was lost during pyrolysis so the proportion of the 
material volatilised during pyrolysis was decreased. To 
prove that the graphite was unaffected by the heat treatment 
a small block of graphite was placed inside the furnace and 
subjected to the same heat treatment programme as the 
resin. The weight loss observed was negligible. The 
shrinkage during pyrolysis, shown in Fig. 2.22, was observed 
to decrease as the amount of graphite increased because the 
graphite flakes resist the movement of the glassy carbon 
ribbons during cooling. This, in turn, is responsible for



Batch
Number

Amount of 
Graphite in 
Composite/%

Carbon
Yield/%

Linear 
Shrinkage/%

Volume 
Shrinkage/%

Bulk
Density/gem-^

Calculated 
Porosity/%

Hardness/VPN

3 0 56.48 19.74 48.32 1.52 6.85 264
14 2 58.25 19.27 48.11 1.53 8.50 250
15 5 59.10 18.55 47.19 1.54 9.74 232
16 7.5 61.51 18.02 46.40 1.55 10.32 204
17 10 62.56 17.05 46.77 1.57 10.83 178
18 12.5 62.88 16.61 41.93 1.58 11.39 161
19 15 64. 90 15.53 40.78 1.60 11.88 139

Table 4.8 Effect of increasing the volume fraction of graphite on the properties of vitreous carbon/ 
graphite composites.

Note: All samples cured for 24 hours at 80°C with 3% (by weight) catalyst added Graphite particle 
size constant at 'nominal' lOfjim.



Batch
Number

Amount of 
Graphite 
in Green 
Composite/wt%

Modulus of
Rupture
S tr e ng th/MNm“2

Std. Dev. of 
MOR/MNm"2

90% Conf. Int. 
of MOR/MNm"2

K,c/MNm"3/2 Std. Dev. of 
K 1C/MNm"3/2

90% Conf. Int. 
of K (c/MNm"3/2

3 0 14.42 3.56 ± 1.01 0.293 0.033 ± 0.012
14 2 15.54 3.89 ± 1.33 0.316 0.0 36 ± 0.013
15 5 15.75 3.77 ± 1.23 0.359 0.0 39 ± 0.013
16 7.5 18.15 4. 39 ± 1.41 0.390 0.040 ± 0.014
17 10 25.95 5.75 ± 1.97 0. 511 0.055 ± 0.018
18 12.5 31.48 6.63 ± 2.22 0.553 0.054 ± 0.017
19 15 31.88 6.37 ± 1.98 0.662 0.066 ± 0.021

Table 4.9 Mechanical properties of amorphous carbon/graphite composites

l



LI
NE
AR
 SH

RI
NK
AG
E/
% 

CA
RB
ON
 YI

EL
D/
%

1

1 2 3 U 5 6 7 8 9 10 11 12 13 1-4 15» QFRG4-21 
COMPOSITES

OF VOLUME FRACTION OF ADDED GRAPHITE IN POLYFURFURTL ALCOHOL/GRAPHITE 
ON THE CARBON YIELD OBTAINED ON PYROLYSIS

FIG 4-22 EFFECT OF GRAPHITE CONTENT ON THE LINEAR SHRINKAGE DURING PfROLYSIS OF 
VITREOUS CARBON /GRAPHITE COMPOSITES'



1 3 4  -

FIG 4-23 CALCULATED AND MEASURED DENSITIES OF AMORPHOUS CARBON /GRAPHITE 
COMPOSITES AS A FUNCTION OF GRAPHITE VOLUME FRACTION

FIG 4 2 4 EFFECT OF GRAPHITE CONTENT ON HARDNESS OF VITREOUS CARBON/GRAPHi! 
COMPOSITES



- 135 -

VOLUME FRACTION OF GRAPHITE IN GREEN COMPOSITE/WT%
FIG A25 EFFECT OF GRAPHITE CONTENT ON THE MOOULUS OF RUPTURE STRENGTH OF FIRED 
GRAPHITE/POLYFURFURYl ALCOHOL COMPOSITES.

FlGA-26 EFFECT OF GRAPHITE CONTENT ON THE FRACTURE TOUGHNESS OF FIRED 
GRAPHITE/POLYFURFURYL AIIDHOL COMPOSITES



1 3 6

the i n c r e a s e  in c a l c u l a t e d  "porosity" s i nce the s t a c k i n g  of 

r i b bons is h i n d e r e d  m a k i n g  s p a c e  f i l l i n g  less efficient.

Th e  b u l k  d e n s i t y  of  the c o m p o s i t e s  i n c r e a s e d  w i t h  

g r a p h i t e  c o n t e n t  due to the h i g h e r  d e n s i t y  of n a t u r a l  

graphite. T he p e r c e n t a g e  of g r a p h i t e  in the fired c o m p o s i t e  

was c a l c u l a t e d  from the a m o u n t  in the g r e e n  c o m p o s i t e  u s i n g  

the f o l l o w i n g  a s s u m p t i o n s :

L e t  the a m o u n t  of g r a p h i t e  in g r e e n  c o m p o s i t e  = X %  

then, a m o u n t  of r e sin in g r e e n  c o m p o s i t e  = 10 0 - X  .

A s s u m i n g  tha t  no g r a p h i t e  is lost in h e a t  treatment, and the 

c a r b o n  y i e l d  of r e s i n  (from b a t c h  3) is 56.5% then, 

a m o u n t  of a m o r p h o u s  c a r b o n  = 0.565 (100 - X) 

a m o u n t  of g r a p h i t e  in fired c o m p o s i t e  =

___________ X____________  x 1 0 0 % (4.3)

X+ 0 . 5 6 5  ( 1 0 0 - X )

The t h e o r e t i c a l  d e n s i t y  of the c o m p o s i t e  can then be  

e s t i m a t e d  f r o m  the la w  o f  m i x t u r e s :

Pc = VgP& tVvcPvc
(4.4)

w h e r e  p c = d e n s i t y  of c o m p o s i t e

pG and pyc are d en s ities  o f g raph ite  and v itreous  carbon 

re sp e c tive ly  and Vq and Vycthe ir volume fra c t io n s .

The i n c r e a s e  in the a m o u n t  of u n f i l l e d  space is 

c l e a r l y  i l l u s t r a t e d  b y  the d i f f e r e n c e  b e t w e e n  c a l c u l a t e d  and 

m e a s u r e d  densities. G r a p h i t e  is m u c h  s o f t e r  than a m o r p h o u s  

c a r b o n  (2 o n  Mohs' scale) and so the o b s e r v e d  d e c r e a s e  in 

h a r d n e s s  w h e n  the a m o u n t  of g r a p h i t e  was i n c r e a s e d  (Fig. 

2.24) is to be expected.



1 3 7

The m o s t  o b v i o u s  and i m p o r t a n t  e f f e c t  o b s e r v e d  in the 

c o m p o s i t e s  was the d r a m a t i c  i m p r o v e m e n t  in m e c h a n i c a l  

p r o p e r t i e s  c a u s e d  b y  i n c r e a s e d  add i t i o n s  of graphite.

E l e c t r o n  m i c r o g r a p h s  of f r a c t u r e  faces (Figs. 4.28 a n d  4.29) 

s h o w  h o w  the a d d i t i o n  of g r a p h i t e  c h a n g e d  the m a t e r i a l  f r o m  

a g l a s s y  c a r b o n  w i t h  its smooth, f eatureless, b r i t t l e  

f r a c t u r e  face to one w h i c h  b e c a m e  g r a d u a l l y  t e x t u r e d  and 

t o u g h e r  as the g r a p h i t e  c o n t e n t  was increased. The g r a p h i t e  

a d h e r e d  w e l l  to the g l a s s y  c a r b o n  m a t r i x  and t h e r e  w e r e  no 

o b v i o u s  voids a r o u n d  p a r t i c l e s .  The s t r e n g t h  and t o u g h n e s s  

i n c r e a s e d  s l o w l y  at first and t h e n  m o r e  r a p i d l y  as the 

e f f e c t  of the g r a p h i t e  took control, with the result that for 
g r a p h i t e  l o a d i n g s  of 15% in the g r e e n  c o m p o s i t e  ( ^  24% in 

f i red c o m p o s i t e )  the s t r e n g t h  an d  t o u g h n e s s  w e r e  more t h a n  

d o u b l e d .

The i n c r e a s e  in m e c h a n i c a l  p r o p e r t i e s  o c c u r e d  b e c a u s e  

the g r a p h i t e  flakes are able to b l u n t  and d e f l e c t  the 

a d v a n c i n g  c r a c k  tip as s h o w n  in Fig. 4.27.

Fig. 2.27 S c h e m a t i c  d i a g r a m  of d i s p e r s e d  p h a s e  t o u g h e n i n g  

b y  g r a p h i t e  p a r t i c l e s  in a m o r p h o u s  

c a r b o n / g r a p h i t e  composites.
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Fig. 4.28 L o w  m a g n i f i c a t i o n  f r a c t u r e  faces of 'pure' 

a m o r p h o u s  c a r b o n  (A) and a c o m p o s i t e  w i t h  a 

loading of 15% g r a p h i t e  w h e n  g r e e n  (B) s h o w i n g  

the change from a ver y  b r i t t l e  and f e a t u r e l e s s  

to a t e x t u r e d  and t o u g h e r  material.

a. 0% graphite



1 3 9

b. 2 % g r a p h i t e

c. 5% g r a p h i t e
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e . 1 0 % g r a p h i t e

f . 12.5% g r a p h i t e

Fiy. 2.29 F r a c t u r e  faces of v i t r e o u s  c a r b o n / g r a p h i t e  

c omposites s h o wing the t r a n s i t i o n  to a s t r o n g e r  and t o u g h e r  

m a t erial w i t h  i n c r e a s e d  g r a p h i t e  content.
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In a b r i t t l e  m a t e r i a l  such as a m o r p h o u s  c a r b o n  t h e r e  is no 

p l a s t i c  d e f o r m a t i o n  and b l u n t i n g  at the crack tip, so a c r a c k  

c a n  p r o p a g a t e  q u i c k l y  and e a s i l y  as a r e sult of the stress 

c o n c e n t r a t i o n  e f f e c t  at the tip. In the c o m p o s i t e  m a t e r i a l  

the p r o p a g a t i o n  of cracks is r e s i s t e d  b y  g r a p h i t e  flakes in 

t h e i r  p a t h  w i t h  the r e s u l t  tha t  the c r a c k  tip is b l u nted, an d  

the c r a c k  d e f l e c t e d  a r o u n d  the g r a phite, thus t o u g h e n i n g  the 

material. This p h e n o m e n a  is v e r y  w e l l  i l l u s t r a t e d  b y  Fig.

4.29 g . i n  w h i c h  it c an c l e a r l y  be s e e n  w h e r e  the f a i l u r e  

i n i t i a t i n g  c r a c k  h a s  b e e n  d e f l e c t e d  a r o u n d  the g r a p h i t e  

flakes. A v e r y  simple b u t  e f f e c t i v e  i l l u s t r a t i o n  of the 

i n c r e a s e d  t o u g h n e s s  can be c a r r i e d  out by  d r o p p i n g  a samp l e  

of 'pure' a m o r p h o u s  c a r b o n  and a c o m p o s i t e  c o n t a i n i n g  1 0 % 

g r a p h i t e  b o t h  from a h e i g h t  of lm o n t o  a h a r d  surface. The 

a m o r p h o u s  c a r b o n  w i l l  s h a t t e r  on  h i t t i n g  the s u r f a c e  b ut the 

c o m p o s i t e  w i l l  r e m a i n  intact.

4 . 8.3 E f f e c t  o f  g r a p h i t e  p a r t i c l e  size on the p r o p e r t i e s  of 

t he c o m p o s i t e

F i v e  g r a p h i t e  p o w d e r s  from v a r i o u s  c o m m e r c i a l  

s u p p l i e r s  wer e  a n a l y s e d  for p a r t i c l e  size and d i s t r i b u t i o n  

a nd f o und to fall into "nominal" sizes of 6 , 10, 20, 25 and 

100/xm. The r e s u l t s  of this a n a l y s i s  are p r e s e n t e d  in Figs.

4 . 3 0  - 4 . 3 4  in the f orm of s c a n n i n g  e l e c t r o n  m i c r o g r a p h s  and 

p a r t i c l e  size d i s t r i b u t i o n  h i s t o g r a m s  for each g r a p h i t e  in 

turn. A  series of v i t r e o u s  c a r b o n / g r a p h i t e  c o m p o s i t e s  w e r e 

p r o d u c e d  u s i n g  c o n s t a n t  curing c o n d i t i o n s  and a c o n s t a n t  

l o a d i n g  of 12.5% of each size of g r a p h i t e  in o r d e r  to 

o b s e r v e  the e f f e c t  of g r a p h i t e  p a r t i c l e  size on the 

p r o p e r t i e s  of the c o m p osite. T h e  re s u l t s  are s h own in

t a b l e s  4.10 a n d  4.11.
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The use of d i f f e r e n t  g r a p h i t e  p a r t i c l e  sizes in the 

c o m p o s i t e s  a p p e a r s  to h a v e  h a d  little or no e f fect on t h e i r  

p h y s i c a l  p r o p e r t i e s .  T h e  h a r d n e s s  w as o b s e r v e d  to fall 

s l i g h t l y  w i t h  c o a r s e n i n g  of the s e c o n d  phase, s u g g e s t i n g  

t h a t  a m a t e r i a l  w i t h  an i r r e g u l a r l y  shap e d  c r y s t a l l i n e  

s e c o n d  p h a s e  can be i n c l u d e d  in Z a r z y c k i ' s  p r e d i c t i o n  

(118). I n c r e a s i n g  the g r a p h i t e  p a r t i c l e  size c a u s e d  a r a pid 

d e c r e a s e  in the m o d u l u s  of r u p t u r e  s t r e n g t h  of the 

c o m p o s i t e s .  T h i s  o c c u r e d  because, as the p a r t i c l e  size was 

increased, it b e c a m e  m o r e  a nd m o r e  d i f f i c u l t  for the r a n d o m l y  

o r i e n t e d  v i t r e o u s  c a r b o n  ri b b o n s  to a d h e r e  u n i f o r m l y  to the 

g r a p h i t e  p a r t i c l e s  r e s u l t i n g  in the f o r m a t i o n  of voids 

a r o u n d  the p a r t icles. A  f u r t h e r  f a c t o r  le a d i n g  to a fall in 

s t r e n g t h  is the b u i l d  up of i n t e r n a l  s t r e s s e s  due to t he  

d i f f e r e n t  t h e r m a l  e x p a n s i o n s  of g r a p h i t e  and v i t r e o u s  c a r b o n  

w h i c h  w o u l d  be e x p e c t e d  to i n c r e a s e  w i t h  i n c r e a s i n g  p a r t i c l e  

s i z e .

The f r a c t u r e  t o u g h n e s s  s h o w e d  a d e f i n i t e  m a x i m u m  w i t h  

r e s p e c t  to p a r t i c l e  size at a r o u n d  20[xm such that t h e r e  was 

s o m e t h i n g  like a 250% i n c r e a s e  in the t o u g h n e s s  of a 

c o m p o s i t e  c o n t a i n i n g  12.5% of 20//,m g r a p h i t e  c o m p a r e d  w i t h  

t h a t  of a "pure" v i t r e o u s  carbon. A p o s s i b l e  e x p l a n a t i o n  of 

the effe c t  o b s e r v e d  is t h a t  the m a x i m u m  t o u g h e n i n g  

c o r r e s p o n d s  to the p a r t i c l e  size at w h i c h  it is p r e f e r e n t i a l  

for the f r a c t u r e  i n i t i a t i n g  crack to p a s s  t h r o u g h  the 

p a r t i c l e s  r a t h e r  t h a n  a r o u n d  them. This can be i n f e r r e d  

f rom the m i c r o g r a p h s  in Pig. 4.38 as the f r a c t u r e  faces are 

f l a tter w i t h  no e v i d e n c e  of the c r ack h a v i n g  p a s s e d  a r o u n d  

the l a r g e r  p a r t i c l e s  of graphite.
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PARTICLE SIZE DISTRIBUTION FOR N°3 GRAPHITE NOMINAL 100 fi 

Fiq. 4.34 No. 3 graphite (nominal 100/im P.S. W i l s o n  & C o . ) .



B a t c h
N u m b e r

G r a p h i t e  
P a r t i c l e  size 
( n o m i n a l ) /fxm

C a r b o n
Y i e l d / %

L i n e a r
S h r i h k a g e / %

V o l u m e
S h r i n k a g e / %

B ulk
D e n s i t y /
g em “ 3

C a l c u l a t e d  
P o r o s i t y / %

H a r d n e s s / V P N

24 6 62.37 16.55 42.07 1.59 10.83 161

18 10 6 2 . 8 8 16.61 41.93 1.58 11.39 161

25 20 60.41 17.08 43.45 1.59 10.84 158

26 25 62.41 16.82 42.61 1.58 11.53 157

27 10 0 60. 99 16.64 44.19 1.58 11.53 151

T a b l e  4.10 E f f e c t  of g r a p h i t e  p a r t i c l e  size on the p r o p e r t i e s  of a m o r p h o u s  c a r b o n / g r a p h i t e  c o m p o s i t e s .

Note: All s p e c i m e n s  cured for 24 h o u r s  at 8 0 °C w i t h  3% (by we i g h t )  c a t a l y s t  added. G r a p h i t e  l o a d i n g  in 
g r e e n  c o m p o s i t e  c o n s t a n t  at 12.5% (by weight).

8 H



B a t c h
N u m b e r

N o m i n a l
G r a p h i t e
P a r t i c l e
Size//im

M o d u l u s  of 
R u p t u r e  
S t r e n g t h /  
M N m - 2

Std. Dev. of 
M 0 R / M N m “ 2

90% conf. int. 
of M O R / M N m " 2

K  |C / M N m “ 3 / 2 Std. Dev. of 
K lc / M N m “ 3 / 2

90% C o n t . Int. 
of K |c/ M N m “ 3 / 2

24 6 32.81 7.79 ± 2.40 0 . 457 0 . 0 5 0 ± 0.018

18 10 31.48 6.63 ± 2 . 2 2 0.553 0 . 0 5 4 ± 0.017

25 20 23. 50 6.15 ± 2 . 1 0 0. 759 0.041 ± 0 . 0 1 4

26 25 17.34 4. 76 ± 1.56 0. 702 0 . 0 4 4 ± 0.015

27 10 0 15.51 4.82 ± 1.69 0.295 0.046 ± 0.015

T a b l e  4.11 E f f e c t  of g r a p h i t e  p a r t i c l e  size on the m e c h a n i c a l  p r o p e r t i e s  of v i t r e o u s  c a r b o n / g r a p h i t e  
c o m p o s i t e s .

149
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Fig. 4.38 Effect of c h a nging the particle size of gra p h i t e  
on the m i c r o s t r u c t u r e  of c a r b o n / g r a p h i t e  
composites containing 12.5% graphite.
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4.9 Use of  zinc oxide as a pore former in vitreous c a rbon 

It was found that the softer grades of sub mm. p e n c i l  

required leads w i t h  large amounts of p o r o s i t y  to enable t h e m  

to deposit larger quan t i t i e s  of graphite d u ring writing.

This was at t e m p t e d  by  the i n t r o d u c t i o n  of a por e  forming  

material. The compound chosen for this task was zinc o x i d e  

which is reduced by the c a r b o n  to zinc and carbon mo n o x i d e  

at t e m p e ratures above 9 5 0 °C.

ZnO„|.C„T̂ Z n |lfCO()| (4.5)

Since the b o i l i n g  p o i n t  of zinc is 9 1 0 °C (127) the r e a c t i o n  

products volatilize at the amorphous carbon p r o d u c t i o n  

t e m p e r a t u r e  (1000°C) p r o d u c i n g  the required porosity. The 

m i c r o g r a p h  and pa r t i c l e  size dist r i b u t i o n  of zinc oxide  

(fig. 4.39) showed the m a t e r i a l  to be sub-micron. This 

small p a r t i c l e  size made zinc oxide appear an ideal choice 

for d i s p e r s i o n  in the r e s i n  as the extra po r o s i t y  p r o d u c e d  

w o u l d  tend to be very small and less detrimental to 

m e c h a n i c a l  p r o p e r t i e s .

In fig. 4.39, the m a j o r i t y  of the zinc oxide p a r t i c l e s  

fall in the range 0 to 1.2 /xm. If the particles are a s s umed 

to be sph e r i c a l  with a d i a m e t e r  of 0 .6 ^im (and kn o w i n g  the 

d e n s i t y  of zinc oxide to be 5.61 g e m - 2 ) then:- 

vol. of ZnO pa r t i c l e  = 7Tr= 0.113 [im 2 (where r = radius of 

p a r t i c l e ).

mass of ZnO p a r t i c l e  = 0.634 x 1 0“^ 2 g 

This w ill react with

0.634 x 1 0 "*1 2 M o l e c u l a r  w e i g h t  of carbon = 9.35 x 1 0 “ 1 4  g of
M o l e c u l a r  w e i g h t  of ZnO

vitreous carbon a c c o r d i n g  to eqn. (4.5). A s s uming d e n s i t y  
of v i t r e o u s  c a r b o n  = 1.52 gcm-3 (from b a tch 3), ZnO p a r t i c l e
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will react w i t h  6.15 x 10~^- fxm^ of vitreous carbon.

Volume of pores p r o d u c e d  = V-£n o + V vc = 0.175 (xm^ (where 

^2n0 = volume of zinc oxide p a r t i c l e , Vvc = volume of c a r b o n  

with which it reacts). Therefore, if the pores p r o d u c e d  are 

assumed spherical, the d i a m e t e r  of pores produced using the 

ZnO pore former will be 0.7 fxm. The carbon yield and b u l k  

density of the amorphous c a r b o n  w e r e  observed to fall 

steadily w ith i n c r easing add i t i o n s  of ZnO to the resin. For 

example, w i t h  no pore former added the carbon yield was 

56.48% y i e l d i n g  a ma t e r i a l  w i t h  a bulk density of 1.52 g c m “ 3. 

W h e n  4 wt % ZnO was added the carb o n  y i eld fell to 52.76% and 

the bulk d e nsity to 1.45 g c m - ^. The theoretical carbon y i e l d  

was calc u l a t e d  as follows and found to be in reasonable 

agreement with that o b s e r v e d  ex p e r i m e n t a l l y  wit h  i n c r e a s i n g  

p o r e  former additions (Fig. 4.41).

Let amount of ZnO added = x (w t %)• 

a m ount of carbon r e a cting =

M o l e c u l a r  wt of a m o r p h o u s  carb o n
M o l e c u l a r  w t  of ZnO

X = (wt

i

T h e o r e t i c a l  carbon yield =

( 1 0 0 - ( x + y ) ) x fractional c a r b o n  yield w h e n  no pore former 

was added (= 0.565, from b a t c h  3) (4.6)

The d e p r e c i a t i o n  of m e c h a n i c a l  properties observed as 

the pore former was added was much more d r astic than 

expected. T h ere are two o b s e r v a t i o n s  w h i c h  w o u l d  appe a r  to 

a c c ount for this. Firstly, the po r o s i t y  p r o d u c e d  was not 

s u b - m i c r o n  as p r e d i c t e d  f rom the particle size of zinc oxide 

b ut was of the same order of m a g n itude as that pr o d u c e d  b y  

the e v o l u t i o n  of w a t e r  v a p o u r  (Fig. 4.46). Secondly, some of 

the pores p r o d u c e d  were not spherical but of a more i r r e g u l a r



B a t c h
N u m b e r

A m o u n t  of 
Zin c  O x i d e  
a d d e d  
W t / %

T h e o r e t i c a l
c a r b o n
y i e l d / %

O b s e r v e d
C a r b o n
Y i e l d / %

L i n e a r
S h r i n k a g e / %

V o l u m e  
S h r i n k a g e /%

B u l k
Dens ity/
g c m “ 3

C a l c u l a t e d
P o r o s i t y / %

H a r d n e s  s / 
V P N

3 0 56.48 56.48 19.74 48.32 1.52 6.85 264

28 1 55.85 56.13 19.05 49.49 1.52 6.85 258

29 2 55.20 55.39 19.95 52.41 1.49 9.31 240

30 3 54. 55 54.14 19.02 48.63 1.48 9.75 237

31 4 53.91 5 2 .76 19.39 49.21 1.45 11.32 2 1 1

32 6 52.61 52.41 19.67 51.10 1.41 14.27 174

T a b l e  4 . 1 2  E f f e c t  of ZnO p o r e  f o r m e r  a d d i t i o n s  on the p r o p e r t i e s  of a m o r p h o u s  carbon.

Note: A l l  s a mples cured for 24 h o u r s  at 8 0 °C w i t h  c a t a l y s t  c o n c e n t r a t i o n  c o n s t a n t  at 3% (by weight).
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B a t c h
N u m b e r

A m o u n t  of 
Z inc O x i d e  
a d d e d / %

M o d u l u s  of 
R u p t u r e
S t r e n g t h / M N m - 2

Std. Dev. of 
M O R / M N m - 3 / 2

90% Conf. Int. 
of M O R / M N m - 3 / 2

K lc / M N m - 3 / 2 Std. Dev./ 
M N m - 3 / 2

90% Conf. Int. 
of K ( / M N m - 3 / 2

3 0 14.42 3.56 ± 1 . 2 1 0.293 0.029 ± 0.009

28 1 14.12 4.02 ± 1.32 0. 289 0.037 ± 0 . 0 1 3

29 2 13.29 4. 71 ± 1 . 6 1 0.281 0.041 ± 0 . 0 1 4

30 3 1 1 . 0 2 3.58 ± 1 . 1 0 0 . 264 0.046 ± 0.015

31 4 8.27 3.08 ± 0.99 0.213 0.0 38 ± 0 . 0 1 2

32 6 5.87 2.41 ± 0.82 0.131 0.028 ± 0 . 0 1 0

T a b l e  4.13 E f f e c t  of a d d i n g  ZnO as a p o r e  f o r m e r  o n  the m e c h a n i c a l  p r o p e r t i e s  of the p y r o l y s e d

p o l y f u r f u r y l  a l c o h o l  resin.
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u l t r a s o n i c a l l y  dis p e r s e d  in dis t i l l e d  water
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shape w h ich w o u l d  result is an increased stress 

concentration. A l t h o u g h  the particle size of the ZnO p o w d e r  

was sub-micron, a c e r tain amount of a g g l o m e r a t i o n  occurs in 

the powder. This is i llustrated in Fig. 4.40 w h i c h  shows a 

p a r t i c l e  size d i s t r i b u t i o n  plot of zinc oxide dis p e r s e d  by  

h a n d  st i r r i n g  with a spatula in distilled w a ter rather than 

u l t r a s o n i c a l l y  as in Fig. 4.39. In the m a n u a l l y  d i s p e r s e d  

sample a g g l o m e r a t i o n  increased the average agg r e g a t e  size to 

arou n d  4.5 fj,m. If the same analysis as b e fore is applied to 

these larger ZnO aggregates the predicted size of pores is 

1 0 fim w h i c h  is of the correct o r der of m a g n itude as those 

observed. A g g l o m e r a t i o n  of the ZnO particles must h a v e  

o c c u r e d  in the c a r b o n  because the pore former was d i s p ersed 

in this w a y  by h a n d  - in fact dispersion in the resin w o u l d  

p r o b a b l y  be more dif f i c u l t  than in w a t e r  b e c ause of the 

h i g h e r  viscosity. The irregular shapes of some of the pores 

p r e s u m a b l y  arose b e c a u s e  the agglomerations of ZnO p a r t icles 

w e r e  also irregularly shaped. During the m a n u f a c t u r e  of sub 

mm. p e n c i l  leads, a c e t o n e  is used as a resin t h i n n e r  to aid 

m i x i n g  so the a g g l o m e r a t i o n  p r o b l e m  could be a v o ided by 

u l t r a s o n i c a l l y  d i s p e r s i n g  the pore former in the thinner  

b e f o r e  the mixing process.
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FIG 4-40 PARTICLE SIZE DISTRIBUTION OF ZnO POWDER DISPERSED BY HAND 

STIRRING IN DISTILLED WATER
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FIG 4-A4 EFFECT OF ADDING ZnO AS A PORE FORMER ON THE MODULUS OF RUPTURE 

STRENGTH OF AMORPHOUS C.ARSON
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a. jlOOM |

Fig. 4.46 Effect of i n t r o d u c t i o n  of ZnO por e  f o r m e r  on the

M i c r o s t r u c t u r e  of amorphous c a r b o n
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SECTION 3

OBJECTIVE, CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

5.1. a Objective

The objective of the research programme was to obtain 

basic information on the properties of amorphous carbon/ 

graphite composites which would be of value for the 

production of sub mm pencil leads based on furfuryl alcohol/ 

graphite mixtures.

5.1. b Conclusions

(i) The strength and fracture toughness of the amorphous 

carbons were observed to increase with curing time of

the resin up to a maximum at about 48 hours. Samples cured 

for longer periods were liable to fracture during 

firing, possibly due to thermal stress in resin with 

too high a degree of chemical cross-linking.

(ii) A uniformly distributed micron-scale porosity, 

spherical in shape, was produced by the evolution of 

water vapour during curing and the initial stages of 

firing.

( i i i )  Wa t e r  i n  t h e  r e s i n  was p r o d u c e d  d u r i n g  t h e  c o n d e n ­

s a t i o n  p o l y m e r i s a t i o n  r e a c t i o n  and was a l s o  i n t r o d u c e d

by the aqueous acid catalyst. Curing at higher 

temperatures was seen to increase the rate of polymeri­

sation but resulted in a coarsening of the porosity.

(iv) When the resin was cured at temperatures above 

80°C, large pores grew at the expense of smaller ones 

resulting in an increase in the flaw size within the 

material and a consequent lowering of strength and 

fracture toughness. An optimum curing temperature of 80°C
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for 24-48 hours was observed. This allowed for a 

reasonably fast cure with little pore ripening.

(v) The rate of polymerisation could be enhanced by 

increasing the catalyst concentration. This however 

introduced more water into the resin which, when driven 

off in curing, resulted in increased porosity and 

affected adversely the mechanical properties of the 

c arbon.

(vi) By optimising the curing stage of fabrication, 

the strongest vitreous carbon was obtained by curing 

for a period of 48 hours at a temperature of 80°C 

using a catalyst concentration of 1% by weight.

(vii) Graphite and amorphous carbon can be formed into 

a composite material with mechanical properties superior 

to the resin alone. The graphite particles were seen to 

initiate a crack deflection and crack-tip blunting 

mechanism within the glass-like carbon.

(viii) The strength and fracture toughness of the 

composite were found to increase rapidly with volume 

fraction of added graphite. Samples containing up to 

15 wt % graphite in the green form were prepared.

(ix) The properties of the composite could not be esti­

mated using the law of mixtures because a simple 

relationship between each end member did not hold.

This was because shrinkage of the glass-like carbon during 

heat treatment was restrained by the graphite particles.

(x) The highest composite strength (at a constant graphite 

loading) was obtained using the smallest graphite size, i.e.
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6jxm. This was because (a) voids can form round larger 

particles creating flaws, and (b) increased internal 

stress is created in the material by resistance to 

the thermal shrinkage of the vitreous carbon.

(xi) The fracture toughness of the composites 

exhibited a maximum with a graphite particle size of 20f*m. 

this appeared to be the particle size which resulted

in the maximum crack deflection. Above this size it was 

easier for cracks to pass through, rather than round, 

graphite flakes.

(xii) Zinc oxide can be introduced as a pore-forming 

material by virtue of being reduced to zinc vapour at 

high temperatures (i.e. above 950°C). The reaction 

products are volatilised at the production temperature 

(1000°C). Although the particle size of zinc

oxide was seen to be sub-micron, the pores produced were 

much larger (i.e. in the range l-lO^U-m) due to an 

agglomeration of particles in the resin.

(xiii) Large pores with non-spherical symmetry gave a 

material with much reduced mechanical properties.

For example, the addition of 6 wt % of ZnO to the resin 

reduced the strength by a factor of 2.

5.2 Suggestions for further work

High speed extrusion of batch materials for pencil 

lead production will affect markedly the mechanical 

properties of the fired leads. A logical extension 

of the present work would therefore include the following,

(i) An evaluation of the role of preferred orientation 

on the strength of carbon/graphite composites by
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observing the relationship between extrusion speeds and 

modulus of rupture.

(ii) Examination of the microstructure with respect 

to MOR and extrusion speed.

(iii) The introduction of new fabrication techniques 

for composite production with the use of resin thinners 

to give a good homogeneous mix and allow an increase

in graphite loadings of up to 50%.

(iv) Increase of the graphite particle size range to 

include powders with particle sizes ^.^fnand also 

between 30 and 90jxm.

(v) Evaluation of methods to ensure a good dispersion 

of ZnO i f this is used as a pore-former; for example, by 

ultra-sonic dispersion in the resin thinner prior to 

batch mixing.

*
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A P P E N D I X

A. S t a t i s t i c a l  A n a l y s i s  c a r r i e d  out on M e c h a n i c a l  T e s t i n g

T h e  s u b j e c t  of s t a t i s t i c s  is g e n e r a l l y  c o n c e r n e d  w i t h  

i n f e r r i n g  i n f o r m a t i o n  a b o u t  a p a r e n t  (or t h e o r e t i c a l )  

p o p u l a t i o n  u s i n g  o b s e r v a t i o n s  from a r e l a t i v e l y  small a m o u n t  

of data. Suc h  a c o l l e c t i o n  of data is c a l l e d  a sample. 

Suppose, in c o l l e c t i n g  the data, the s t a t i s t i c a l  e x p e r i m e n t  

is p e r f o r m e d  a total of n times. If the m a n n e r  in w h i c h  t he 

e x p e r i m e n t  is p e r f o r m e d  each time is in no w a y  i n f l u e n c e d  b y  

p r e v i o u s  results, the dat a  is r e f e r r e d  to as a r a n d o m  s a m p l e  

of  size n. T h e  d e f i n i t i o n  implies t h a t  a ny sample of size n 

t a k e n  fro m  a p a r t i c u l a r  p o p u l a t i o n  h a s  the same d i s t r i b u t i o n  

as the p o p u l a t i o n  and t h a t  eac h  v a lue in the sample is 

i n d e p e n d e n t  of the others. T h e  p r o p e r t i e s  of the s a m p l e  can 

t h e r e f o r e  be used to e s t i m a t e  the p r o p e r t i e s  of the p a r e n t  

p o p u l a t i o n .  T he m e a n  v a l u e  ( X  ) of a r a n d o m  sample of n 

o b s e r v a t i o n s  of a v a r i a b l e  X c an be found as follows:

R e s ults

n

ie-. (A.l)
i=1
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Th e  s p r e a d  of the o b s e r v a t i o n s  a b out the m e a n  is 

e s t i m a t e d  u s i n g  the s t a n d a r d  d e v i a t i o n  Sx .

O n e  of the m o s t  i m p o r t a n t  t h ings to r e m e m b e r  in 

s t a t i s t i c a l  w o r k  is t hat e s t i m a t e s  made from data are b o u n d  

t o  be imprecise. It is p a r t  of the a n a l y s t ' s  t ask to 

i n d i c a t e  the level of i m p r e c i s i o n  a s s o c i a t e d  w i t h  an 

e s t i mate. T h e  g e n e r a l l y  a c c e p t e d  p r o c e d u r e  for d o ing this 

is to state u p p e r  and lower limits w i t h i n  w h i c h  the true  

v a l u e  of the p a r a m e t e r  is l i k e l y  to lie. T h e s e  limits are 

c a l l e d  c o n f i d e n c e  limits and t he in t e r v a l  b e t w e e n  t h e m  a 

c o n f i d e n c e  interval. It is a s s u m e d  that the d i s t r i b u t i o n  of 

the m e a n  v a l u e s  of r a n d o m  s a m p l e s  of size n from an a r b i t a r y  

p o p u l a t i o n  a p p r o a c h e s  a n o rmal d i s t r i b u t i o n  of m e a n 3: X 

a n d  s t a n d a r d  d e v i a t i o n  ^  Sx .

n

(A. 2 )
i=1

T he c o n f i d e n c e  interval (t) is g i v e n  by;

t = X ± a S x
vfT

(A.3 )

w h e r e  d  is a c o n s t a n t  d e p e n d i n g  on the n u m b e r  of d e g rees of 

f r e e d o m  V {- n - 1) in the s a m p l e  and the % of c o n f i d e n c e
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required. T h e  c o n s t a n t  can be f o und from the " C a m b r i d g e  

S t a t i s t i c a l  T a b l e s "  (130). In the c o m p u t e r  p r o g r a m m e  u s e d  

t o  c a l c u l a t e  the p r o p e r t i e s  of the c a r b o n  in this w o r k  (cf. 

S e c t i o n  B) Oi was e s t i m a t e d  g r a p h i c a l l y  since it is k n o w n  to 

b e  l i n e a r  in 1 2 0 / v , p r o v i d i n g  the sample size is large 

enough. This is i l l u s t r a t e d  in Fig. A.l. 

slope of the g r a p h  = 0.015 

y axis i n t e r c e p t  = 1.635 

y = m x  + c

a  = 0 . 015 120 + 1.635
V

(A.4)
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Fig. A.1. Calculation of t-tsst constant.
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AMORPHOUS CARBON

C
C A PROGRAM TO PROCESS RESULTS FROM RESEARCH WORK INTO THE 
C PRODUCTION AND PROPERTIES OF AMORPHOUS CARBON MADE BY 
C PYROLYSIS OF POLYFURFURYL ALCOHOL RESIN 
C
C THE CARBCN YIELD, LINEAR AND VOLUME SHRINKAGE DURING 
C PYROLYSIS ALONG WITH THE BULK DENSITY, POROSITY AND THE 
C MODULUS OF RUPTURE AND FRACTURE TOUGHNESS STRENGTHS OF 
C THE RESULTING CARBCN ARE MEASURED 
C
C THE RESULTS ARE PRESENTED ALONG WITH THE CURING CONDITIONS 
C OF THE POLYMER PRECURSOR 
C
Q  k -k  k -k  k  k  k  k -k  k  k -k  k k  k -k  k  k  k -k  k-k-k  k  k k -k -k -k  k -k  k-k-k-k k i c k  it -k -k-k-k -k ick -k ick

C * VARIABLES USED *
C * *
C ^SIMPLE VARIABLES *
C *MINDY=NUMBER OF BATCHES TO BE PROCESSED *
C *IBN=BATCH NUMBER *
C *ITEMP=RESIN CURING TEMP *
C *LCURE=€URING TIME *
C *ICAT=AMOUNT OF CATALYST *
C *IPF=AMCUNT OF PORE FORMER *
C *AG=AMCUNT OF GRAPHITE *
C *FG=PERCENTFGE GRAPHITE IN GREEN COMPOSITE *
C * IPSG=PARTICLE SIZE OF GRAPHITE *
C *N=NUMBER OF SAMPLES IN THE BATCH *
C *M=NUMBER OF MODULUS OF RUPTURE TESTS CARRIED *
C * OUT *
C *L=NUMBER OF FRACTURE TOUGHNESS TESTS CARRIED *
C * OUT *
Q  *  *

C ^DIMENSIONED VARIABLES *
C *XL=LENGTH OF POLYMER SAMPLE *
C *YA=WEIGHT OF POLYMER SAMPLE IN AIR *
C *WW=WEIGHT OF POLYMER SAMPLE IN WATER *
C *XC=WEIGHT OF SUPPORT CRADLE FOR POLYMER SAMPLES*
C *VCXL=LENGTH OF CARBON SAMPLE *
C *VCWA=WEIGHT OF CARBCN SAMPLE IN AIR *
C *VCWW=WEIGHT OF CARBCN SAMPLE IN WATER *
C *VCXC=WEIGHT OF SUPPORT CRADLE FOR CARBON *
C * SAMPLES *
C *G(3, J)=INPUT DATA FOR MOR TESTS *
C * G(1, J)=FRACTURE LOAD(P) *
C * G(2,J)=BREADTH OF SPECIMEN(B) *
C * G(3,J)=DEFTH OF SPECIMEN(D) *
C *Z(4,J)=INPUT TATA FOR K1C TESTS *
C * Z(l,J)=FRACTURE LOAD(P) *
C * Z(2,J)=CRACK LENGTH(A) *
C * Z(3,J)=BREADTH OF SPECIMEN(B) *
C * Z(4,J)=DEPTH OF SPECIMEN(D) *
Q  - k ic k -k b i t  k k k k k k k  k k k k k k k k k k k  k k k k k k k k k k k k k k k k k k k k k k k k k
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PROGRAM LOUISE (INPUT, OUTPUT, TAPE5=INPUT, TAPE60UTFUT)
DIMENSION XL (30),WA( 30),WW( 30),XC (30)
DIMENSION VCXL(30),VCWA(30),VCWW(30),VCXC(30)
DIMENSION WC(30),G(3,30),Z(4,30),SIG(30),XK1C(30)
COMMON N, AG

SET NUMBER OF BATCHES TO BE PROCESSED 
WRITE (6,10)

10 FORMAT(IX, 'HELLO GARY,HOW MANY BATCHES HAVE YOU TO ANALYSE? ' )
READ(5,20)MINDY 

20 FORMAT(II)
INPUT FORMATS

PRINT*, 'WOULD YOU LIKE HELP TO FORMAT YOUR INPUT DATA?'
READ(5, 30)PARISSG 

30 FORMAT (A2)
IF(PARISSG.EQ.2HNO) GO TO 40
PRINT*, 'THE NUMBER OF SPECIMENS AND TESTS ARE INPUT AS (12)' 
PRINT*, 'THE BATCH CURING CONDITIONS ARE READ IN ACCORDING TO; ' 
PRINT*, ' (13, IX, 12, IX, II, IX, 12,1X,F4.1, IX, 12)1 
PRINT*, 'SPECIMEN LENGTHS AND WEIGHTS ARE INSERTED '
PRINT*, 'IN THE ORDER REQUESTED, IN FREE FORMAT'
PRINT*, 'MODULUS OF RUPTURE DATA IS GIVEN IN THE FOLLOWING FORMAT; ' 
PRINT*, ' (F5.2,1X,F7.5,1X,F7.5)'
PRINT*, 'FRACTURE TOUGHNESS DATA IS WRITTEN IN THE FORMAT; '
PRINT*, ' (F5.2, IX,F7. 5,1X,F7.5,1X,F7.5)'

40 CONTINUE
INITIATE REPETITION ACCORDING TO THE NUMBER OF BATCHES 

DO 1 11=1,MINDY 
WRITE(6,12)

12 FORMAT(//)
CHOOSE WHICH PARTS OF THE PROGRAM ARE TO BE USED

PRINT*, 'DO YOU WANT TO USE ALL OF THE PROGRAM CN THIS BATCH?'
READ ( 5,50 )ANS 

50 FORMAT (Al)
IF(ANS.EQ.IRY) THEN
ANS1=ANS
ANS2=ANS
ANS3=ANS
ANS4=ANS
GO TO 60
ELSE
PRINT*, 'DO YOU WANT A PRINT OUT OF THE BATCH CURING CONDITIONS?' 
READ(5,50 )ANS1
PRINT*, 'DO YOU WANT TO USE THE PHYSICAL PROPERTIES'
PRINT*,'PART OF THE PROGRAM?'
READ (5,50 )ANS2
PRINT*, 'WOULD YOU LIKE TO CALCULATE THE'
PRINT*, ' MODULUS OF RUPTURE OF YOUR SPECIMENS?'
READ(5,50)ANS3
PRINT*, 'DO YOU REQUIRE THE K1C EVALUATION?'
READ (5,50) ANS4
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END IF 
60 CONTINUE
SET CURING CONDITIONS OF BATCH 

IF(ANS1.EQ. 1HN)THEN 
WRITE(6,13)

13 FORMAT ('IS THERE ANY GRAPHITE IN THIS BATCH?' )
READ(6#50)CR 
IF(CR.EQ. 1HN)THEN 
AG=0.0 
ELSE
WRITE(6,14)

14 FORMAT (' HCW MUCH GRAPHITE IS THERE?.. .ANSWER IN PARTS PER HUNDRED'
+  )READ(5,16 )AG 

16 FORMAT(F4.1)
END IF 
GO TO 70 
ELSE 
GO TO 71 
END IF 

71 CONTINUE
PRINT*,'WHICH BATCH IS THIS?'
READ(5,80)IBN 

80 FORMAT (12)
WRITE(6,90)
WRITE(6,100)
WRITE(6,110)
WRITE(6,120)

90 FORMAT(IX, 'LIST THE BATCH CURING CONDITIONS IN THE FOLLOWING ORDER
+ /  ' )

100 FORMAT(IX, 'CURING TEMPERATURE,LENGTH OF CURE,AMMCUNT OF CATALYST') 
110 FORMAT(IX, 'AMMOUNT OF PORE FORMER ADDED,AMMOUNT OF GRAPHITE' )
120 FORMAT(IX, 'IN COMPOSITE,PARTICLE SIZE OF GRAPHITE1 )

READ(5,130 )ITEMP, LCURE, ICAT, IPF,AG, IPSG 
130 FORMAT(13, IX,12, ]X,II,IX,12, IX,F4.2, IX,12)
70 CONTINUE
READ IN DATA FOR ANALYSIS 

IF(ANS2.EQ. 1HN) GO TO 140 
C INPUT SAMPLE LENGTHS & WEIGHINGS

PRINT*, 'BOW MANY SAMPLES ARE THERE IN THIS BATCH?'
READ(5,80 )N

C INPUT DATA FROM POLYMER SAMPLES 
WRITE (6,150)
WRITE (6,160)
WRITE(6,170)

150 FORMAT(IX, 'SPECIFY THE LENGTH,WEIGHTS IN AIR AND WATER,&' )
160 FORMAT(IX, 'THE WEIGHT OF THE SUPPORT CRADLE FOR POLYMER' )
170 FORMAT(IX, 'SAMPLES IN THAT ORDER')

READ(5, *) (XL (J ) ,WA( J ),WW( J ),XC(J ), J=1, N)
C READ IN DATA FROM VITREOUS CARBON SAMPLES 

WRITE(6,180)
WRITE(6,190)

180 FORMAT ('SPECIFY THE SPECIMEN LENGTHS & REQUIRED WEIGHTS')
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190 FORMAT ('FOR ANALYSIS OF VITREOUS CARBON SAMPLES')
READ(5, *) (VCXL(K) ,VCWA(K) ,VCWW(K), VCXC(K) ,K=1,N)

140 CONTINUE
IF(ANS3.EQ.1HN) GO TO 200 

C INPUT MODULUS OF RUPTURE RATA
PRINT*, 'HOW MANY MODULUS OF RUPTURE TESTS DID YOU CARRY OUT?' 
READ(5,80)M
PRINT*, 'SPECIFY VALUES OF P,B AND D IN THAT ORDER'
READ(5,210) ((G(l, J), 1=1,3), J=1,M)

210 FORMAT(F6.2, 2F8.6)
200 CONTINUE

IF(AN54.EQ.IHN) GO TO 220 
C INPUT FRACTURE TOUGHNESS DATA

PRINT*, 'BOW MANY FRACTURE TOUGHNESS TESTS DID YOU CARRY OUT?' 
READ(5,80 )L
PRINT*, 'SPECIFY VALUES OF P,A,B AND D IN THAT ORDER'
READ(5,230) ((Z(I, J), 1=1,4), J=1,L)

230 FORMAT(F6.3,3F8.6)
220 CONTINUE
WRITE OUT BATCH CURING CONDITIONS 

IF(ANSl.EQ.lHN) GO TO 240 
WRITE(6,61)
WRITE(6,250)
WRITE(6,260)IBN 
WRITE(6,250)

61 FORMAT(/)
250 FORMAT (IX,'*********')
260 FORMAT(IX,’*BATCH',12,'*')

WRITE (6,270) ITEMP
270 FORMAT(IX, 'CURING TEMPERATURE ', IX, 13, ' DEGREES CENTIGRADE ' )

WRITE(6, 280)LCURE
280 FORMAT (IX, 'CURED FOR' , IX, 12, 'HRS')

WRITE(6,290)ICAT
290 FORMAT (IX, II, IX, 'PER-CENT CATALYST ADDED')

IF(IPF. GT.0) GO TO 300 
WRITE(6,310)

310 FORMAT(IX, 'NO PORE FORMER ADDED')
GO TO 320 

300 CONTINUE
WRITE(6,330)IPF

330 FORMAT(IX, 12, ' PER-CENT PORE FORMER ADDED')
320 CONTINUE

IF(AG.GT.0) GO TO 340 
WRITE(6,350)

350 FORMAT(IX, 'NO GRAPHITE ADDED' )
GO TO 360 

340 CONTINUE
FG=(AG/ (AG-KL00.0)) *100.0 
WRITE(6, 370 )PG 
WRITE(6,380)IPSG

370 FORMAT (IX, F5.2, IX, 'PER-CENT GRAPHITE (BY WEIGHT) IN GREEN COMPOSITE' 
+ )

380 FORMAT(IX, 1 GRAPHITE PARTICLE SIZE,NOMINAL 1,12, 1 MICRONS')
360 CONTINUE



240 CONTINUE
C
C ANALYSE DATA AND PRINT RESULTS 

IF(ANS2.EQ.1HN) GO TO 390 
CALL CYIELD(WA,VCWA,CY)
CALL LOOLOO(XL,VCXL)
CALL VSHRINK (WA, WW, XC , VCWA, VCWW, VCXC)
CALL MIURA(WC,VCWA,VCWW,VCXC,WA)

390 CONTINUE
IF (ANS 3. EQ. 1HN) GO TO 400 
CALL MOR(G,M, SIG)

400 CONTINUE
IF(ANS4.EQ. 1HN) GO TO 410 
CALL FTUFF( Z, L,XK1C)

410 CONTINUE
1 CONTINUE 
WRITE(6,61)
WRITE (6,444)

444 FORMAT (IX, ' GOODBYE, HAVE A NICE DAYi ' )
STOP
END

C
SUBROUTINE SUM(G,TG)

C CALCULATES THE SUM TOTAL OF AN ARRAY OF N VALUES
Q  ****************************
C ^VARIABLE CREATED *
C *TG=SUM TOTAL OF ARRAY*
Q  ***********************

DIMENSION G(30)
COMMON N

C SET COUNTER TO ZERO 
TG=0.0 
DO 2 J=1,N 
TG=TG+G(J)

2 CONTINUE 
RETURN 
END

C
SUBROUTINE AVE(G,AG)

C CALCULATES AVERAGE VALUE OF AN ARRAY OF N VALUES
Q  ********************************
C *VARIABLE CREATED *
C *AG=AVERAGE VALUE OF ARRAY*
Q  **•*★ **■ ***■ **■ *■ *★ ■ *•*■ ***★ *■ ***★ ★ *

DIMENSION G(30)
COMMON N 
CALL SUM(G,TG)
AG=TG / FLOAT (N)
RETURN
END

C
SUBROUTINE CYIELD (WA, VCWA, CY)

C CALCULATES CARBON YIELD FROM PYROLYSIS
Q  ■kick-k-kicick-k-k-kic-kickifk'tck

C *VARIABLE PRODUCED*
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C *CY=CARBCN YIELD *
Q * * ★ * *** ■*** -k ick ★ * *

DIMENSION WA( 30), VCWA( 30)
CALL SUM(WA,IWA)
CALL SUM (VCWA, TVCWA)
CY=(TVCWA/TWA) *100.0 
WRITE(6,15 )CY

15 FORMAT(IX, 1CARBCN YIELD=' ,F5.2, IX, 1 PER-CENT') 
RETURN 
END 

C
SUBROUTINE IOOLOO(XL, VCXL)

C CALCULATES LINEAR SHRINKAGE DURING PYROLYSIS
C  *•**■*■**■*★*•*■*★■***■*•*****★

C *VARIABLE CREATED *
C *XLS=LINEAR SHRINKAGE*
Q i f k i e k i c k i c k i c k - k i f k i f k - k i c k i c i e i c - k

DIMENSION XL(30), VCXL (30)
CALL SUM(XL,TXL)
CALL SUM(VCXL, TVCXL)
XLS==100.0- (tvcxl/txl ) *100.0 
WRITE (6,25 )XLS

25 FORMAT(IX, 'LINEAR SHRINKAGE=, ,F5.2, IX, 'PER-CENT') 
RETURN 
END 

C
SUBROUTINE VOL(VX,XWA,XWW,XXC)

C CALCULATES THE VOLUME OF A SPECIMEN USING 
C A WATER DISPLACEMENT METHOD 
(2 * * ★ * ■ * * * ■ * * * ' * * * ★ * * * * * * * * * * * * * * ★ ■ * *

C *DIMENS IONED VARIABLE PRODUCED*
C *VX (K )=VOLUME OF SPECIMEN *
Q  * * * * • * ★ * ' * * ' * ★ ★ * ★ ★ ★ • * * ★ ★ * • * ★ ★ * ■ * • * ■ * * * *

DIMENSION VX(30),XWA( 30),XWW(30),XXC(30)
COMMON N 
DO 3 K=l,N
VX(K)=XWA(K)- (XWW(K)-XXC(K))

3 CONTINUE 
RETURN 
END 

C
SUBROUTINE VSHRINK(WA, WW,XC, VCWA, VCWW, VCXC)

C CALCULATES THE VOLUME SHRINKAGE CURING PYROLYSIS
C  * * * * * * * * * * * * * * * * * * * * * * * * *

C *VARIABI£ PRODUCED *
C *VS=VOLUME SHRINKAGE*
Q  'k ' k i f k i c k i d t i e - k - k i c k - k i t i c - k i f k ' k i t

DIMENSION VP(30) ,WA(30) ,WW(30) ,XC(30)
DIMENS ION W C  (30), VCWA( 30), VCWW (30), VCXC (30) 
COMMON N
CALL VOL (VP, WA, WW, XC)
CALL VOL ( W C , VCWA, VCWW, VCXC)
CALL SUM(VP,TVP)
CALL SUM(WC, TWC)
VS=100.0- (TWC/TVP )*100.0
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WRITE (6,35 )VS
35 FORMAT(IX, 'VOLUME SHRINKAGE^' ,F5.2, IX, 'PER-CENT ')

RETURN
END

C
SUBROUTINE MIURA(WC, VCWA, VCWW, VCXC, WA)

C CALCULATES BULK DENSITY AND AVERAGE POROSITY
C OF THE AMORPHOUS CARBON PRODUCED
q  * * ★ * * • * * * * ■ * * * * * * * • * * * * * * * * * * * * ★ ■ * * * * * * * * * ' * ■ * * * * ★ * * * ' * *

C * VARIABLES PRODUCED *
Q  *  *

C ^SIMPLE VARIABLES *
C *AD=AVERAGE BULK DENSITY OF BATCH *
C *AP=AVERAGE POROSITY *
C * *
C ^DIMENSIONED VARIABLES *
C *D=BULK DENSITY *
C * P=POROS ITY *
Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DIMENSION W C (30), VCWA( 30), VCWW(30), VCXC(30), D (30), P (30),WA( 30) 
COMMON N,AG 

PVC=1.635 
PGC=2.267 
IF(AG.EQ. 0.0)THEN 
C=PVC 
ELSE
CALL CYIELD(WA, VCWA, CY)
PG= (AG/ (AG+100.0)) *100.0 
XBARG=PG/(PG+( 100.0-PG)*CY) *100.0 
XBARVC=1.0-XBARG 
WRITE (6, 37 )PG

37 FORMAT (IX, F5 .2, IX, ' PER-CENT GRAPHITE (BY WEIGHT)IN GREEN COMPOSITE' 
+ )
XG=XBARG*100.0 
WRITE(6,56)XG

56 FORMAT(IX,'YIELDS ' ,F5.2, IX, ' PER-CENT GRAPHITE IN FIRED COMPOSITE' 
+ )
C= (XBARVC*PVC) + (XBARG*PGC)
END IF
CALL VOL ( W C , VCWA, VCWW, VCXC)
DO 4 L=1,N 
D (L )=VCWA(L) / W C  (L)
P(L)=100.0*(C-D(L))/D(L)

4 CONTINUE
CALL AVE(D,AD)
CALL AVE(P,AP)
WRITE(6,45 )AD 
WRITE (6,55 )AP

45 FORMAT(IX, 'BULK DENSITY=' ,F4.2, IX, 'GCM-3 ')
55 FORMAT(IX, 'AVERAGE POROSITY=' ,F5.2,1X, 'PER-CENT')

RETURN
END

C
SUBROUTINE MOR(G,M,SIG)

C CALCULATES MODULUS OF RUPTURE
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Q  * ■ * * * * * * * ★ * ■ * * * * * ■ * ■ £ ■ * ■ * ★ ★ * * ★ * • * * ★ * * *

C *DIMENS IQNED VARIABLE PRODUCED*
C *SIG=MOR *
Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DIMENSION G(3,30),SIG(30),XSIG(30)
C SET TEST RIG SPAN 

A=35E-3 
DO 5 J=1,M 
P=G(lf J)
B=G(2,J)
D=G(3,J)
XSIG(J)=(3*P*A)/(2*B*(D**2))
SIG(J)=XSIG(J)/1E6

5 CONTINUE
C WRITE OUT RESULTS

CALL STATS (SIG,M, ZMSIG, SDSIG, T90SIG)
WRITE (6, 65 ) ZMSIG

65 FORMAT(IX, 'MODULUS OF RUPTURE=' ,F6.2, ' MNM-2 ')
IF(M.LT.6)GO TO 75 
WRITE(6,85)SDSIG

85 FORMAT(IX, 'STANDARD DEVIATION^ ,F4. 2, ' MNM-2 ')
IF(M.LT.10) GO TO 95 
WRITE(6,96)T90SIG

96 FORMAT(IX, '90 PER-CENT CONFIDENCE INTERVAL OF MQR=(+OR-) ' ,F4. 2, 'MN 
+M-2 ')

95 CONTINUE 
75 CONTINUE 

RETURN 
END 

C
SUBROUTINE FTUFF(Z,L,XK1C)

C CALCULATES FRACTURE TOUGHNESS, KLC
Q  * * * * * * * • * * * ■ * * * ■ * * * • * * * ■ * * * * * * ■ * * * * * * ■ * ■ * * * * ■ * ■ * •

C *DIMENS IONED VARIABLES PRODUCED *
C *XK1 C=FRACTURE TOUGHNESS *
C *W( 2, J )=PARAMETERS FOR K1C EVALUATION*
C * W(1,J)=A/D RATIO *
C * W(2,J)=Y CONSTANT *

DIMENSION Z(4, 30) ,XK1C(30) ,W(2, 30) ,YK1C(30)
C SET TEST RIG SPAN 

S=24E-3 
DO 6 J=1,L 
W(1,J)=Z(2,J)/Z(4,J)
R=W(1,J)
W(2, J)=l. 93-3.07*R+13.66*(R**2 )-23.93*(R**3 )+25.22*(R**4)

6 CONTINUE
C CALCULATE K1C

DO 7 LOU=l,L 
P=Z(1,LOU)
A=Z (2, LOU)
B=Z(3,LOU)
D=Z(4,LOU)
Y=W (2, LOU)
Yiac(LOU)=(3*P*S*Y*(SQRT(A)) )/(2*B*D**2 )
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XK1C (LOU )=YK1C (LOU) /1E6
7 CONTINUE

C OUTPUT RESULTS
CALL STATS (XK1C, L, ZMFT, SOFT, T90FT)
WRITE(6,105)ZMFT

105 F0RMAT(1X, 'K1C=',F6.4, ' MNM-3/2')
IF(L.LT. 6) GO TO 115 
WRITE(6,125)SDFT

125 FORMAT(IX, 'STANDARD DEVIATIQN=’ ,F6.4, ' /MNM-3/2')
IF(L.LT.10)GO TO 115 
WRITE(6,99)T90FT

99 FORMAT(' 90 PER-CENT CONFIDENCE INTERVAL OF KLC=(+OR-)' ,F6.4, 'MNM- 
+3/2 ')

115 CONTINUE 
RETURN 
END 

C
SUBROUTINE STATS (X, K, ZMX, SDX, T90X)

C CALCULATES MEAN, STANDARD DEVIATION AND 90 PER-CENT 
C CONFIDENCE INTERVAL OF MEAN FROM AN ARRAY OF K VALUES
Q  * * * * * * * * * * * * * * * * * * * * * * * X * * X ' * ' * * * ' * '

C ^VARIABLES PRODUCED *
C *ZMX=MEAN VALUE OF ARRAY *
C * SDX=STANDARD DEVIATION OF MEAN*
C *T90X=CCNFIDENCE INTERVAL *

DIMENSION X (30),B (30)
C CALCULATE MEAN 

SUMX=0.0 
DO 8 1=1 ,K 
SUMX=SUMX+X (I )

8 CONTINUE 
ZMX=SUMX/FIOAT (K)
IF(K.LT. 6) GO TO 135

C CALCULATE SUM OF SQUARES 
SUMSQ=0.0 
DO 9 J=1,K 
B(J )= (X(J }-ZMX)**2 
SUMSQ=SUMSQ+B(J)

9 CONTINUE
C CALCULATE STANDARD DEVIATION 

SDX=SQRT (SUMSQ/FLOAT (K))
IF (SDX. G T . ZMX/2.0 )IHEN 
WRITE(6,145)
WRITE(6,155)

145 FORMAT(IX, 'THE SCATTER IN YOUR RESULTS IS TOO LARGE')
155 FORMAT(IX, 'SUGGEST YOU REPEAT THIS BATCH')

C-0 TO 135 
ELSE
GO TO 165 
END IF 

165 CONTINUE
C CALCULATE 90 PER-CENT CONFIDENCE INTERVAL 

IF(K.LT.10)GO TO 175 
A=0.015



C=1.635
V=120/(FLOAT (K)-l)
ALPHA=A*V4C
T90X= (ALPHA*SDX) /SORT (FLOAT (K)) 

175 CONTINUE 
135 CONTINUE 

RETURN 
END
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C . C a l c u l a t i o n  of P a r t i c l e  Size D i s t r i b u t i o n  f r o m  a 

D i s t r i b u t i o n  of S e c t i o n  D i a m e t e r s

C . 1. I n t r o d u c t i o n

A  k n o w l e d g e  of the d i s t r i b u t i o n  of p a r t i c l e  sizes is 

o f t e n  r e q u i r e d  in the s t udy of m a t e r i a l s '  pro c e s s e s .  The 

c o m p l e t e  d i s t r i b u t i o n  curve is g e n e r a l l y  t oo c o m p l i c a t e d  for 

p r a c t i c a l  c h a r a c t e r i z a t i o n  of a p a r t i c u l a t e  material.

B e c a u s e  of the o p a c i t y  of m a n y  c o m p o s i t e  m aterials, p a r t i c l e  

size d i s t r i b u t i o n  curves m u s t  u s u a l l y  be o b t a i n e d  f r o m  a 

t w o - d i m e n s i o n a l  p l a n e  of polish. The d i s t r i b u t i o n  of 

p a r t i c u l a t e  secti o n s  m a y  then be c o n v e r t e d  into a 

d i s t r i b u t i o n  of p a r t i c l e  sizes b y  a m a t h e m a t i c a l  method.

The m o s t  e f f e c t i v e  c o n v e r s i o n  method, r a t h e r  t h a n  

c o n s i d e r i n g  the e x p e r i m e n t a l l y  d e t e r m i n e d  d i s t r i b u t i o n  of 

s e c t i o n  d i a m e t e r s  as a c o n t i n u o u s  function, b r e a k s  it up 

into d i s c r e t e  size g r o u p s  (class intervals). This m e t h o d  is 

call e d  " r e c o n s t r u c t i o n "  of the s p here size d i s t r i b u t i o n  

(131). T h e  p r o f i l e  and p a r t i c l e  sizes are r e p r e s e n t e d  in 

the f o r m  of a h i s t o g r a m .  T he p a r t i c l e s  w i t h i n  each i n t e r v a l  

(bin) of  the h i s t o g r a m  are c o n s i d e r e d  to h a v e  the same 

diameter. S a l t y k o v  r e c o m m e n d e d  b e t w e e n  7 a nd 15 s u b ­

d i v i sions. In the p r e s e n t  w o r k  the n u m b e r  was e x t e n d e d  to 

i n c l u d e  up to 2 0 , to a c c o u n t  for the b i n  sizes p r o d u c e d  b y  

the image analyser, a nd not found to be d e t r i m e n t a l  to the 

r e s u l t s .

T h e  n u m b e r  and sizes of the s e c tions on the p l a n e  of 

p o l i s h  can be c o u n t e d  and measured. T h e n  the p r o b a b l e  

n u m b e r  and size of the spheres t h a t  give rise to the 

o b s e r v e d  s e c t i o n  d i s t r i b u t i o n  can be d e d u c e d  from this
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infor m a t i o n .  To  f a c i l i t a t e  this c alculation, the 

d i s t r i b u t i o n  of s e c t i o n  d i a m e t e r s  is b r o k e n  d o w n  into 

d i s c r e t e  size groups. If all the spheres a r e  the same size:

Nv = Na (c.D
Dj

w h e r e  Ny = n u m b e r  of p a r t i c l e s  in u n i t  v o l u m e  

NA = n u m b e r  of se c t i o n s  in unit a r e a  

Dj = d i a m e t e r  of spheres.

n .b  • NA i n v o l v e s  the n u m b e r  of s e c tions of all sizes in 

uni t  area.

VThen s e c t i o n s  of o n l y  o n e  p a r t i c u l a r  size d are 

c o u n t e d  a p r o b a b i l i t y  factor, to a c c o u n t  for the a r b i t r a r y  

r e s t r i c t i o n  t h a t  is imposed, m u s t  be i ntroduced. U n d e r  

t h e s e  conditions, Eqn. (C.l) b e c o m e s

Nv = Na (i,j) 1 (c.2 )
P Dj

w h e r e  p is the p r o b a b i l i t y  of t he p l a n e  i n t e r s e c t i n g  a 

s p h e r e  of d i a m e t e r  Dj so as to y i e l d  s e c tions of size d 

a n d  NA (i,j) is t he n u m b e r  of sections of d i a m e t e r  dj p e r

u n i t  a r e a  o b t a i n e d  f rom s p h e r e s  of d i a m e t e r  D

The c o e f f i c i e n t s  b a s e d  u p o n  the p r o b a b i l i t y  t e r m  in 

Eqn. (C.2) a r e  use d  in o r d e r  to speed the c a l c u l a t i o n .  T h e  

v a l u e s  of the c o e f f i c i e n t s  are o b t a i n e d  from the 

p r o b a b i l i t i e s  of a r a n d o m  p l a n e  i n t e r s e c t i n g  a s p h e r e  to 

give the va r i o u s  sizes of sections. In general, if a s p h e r e  

of d i a m e t e r  D is i n t e r s e c t e d  b e t w e e n  d i s t a n c e s  hj and h(j_D
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f r o m  the centre, c i r c u l a r  sec t i o n s  w i t h  d i a m e t e r s  b e t w e e n  

a n d  d (j_-]j w ill result. The s i t u a t i o n  is i l l u s t r a t e d  by 

t he d i a g r a m  in Fig. C.l. T h e  p r o b a b i l i t y  of i n t e r s e c t i o n  

a r a n d o m  p l ane b e t w e e n  hi and h(i-i) is equal to the 

t h i c k n e s s  h  of the c i r c u l a r  slice d i v i d e d  by the p a r t i c l e

r a d i u s  i.e. p = h  = h  (i-1)_____ - hi (C.3)
D j/2  Dj/2

di

of

Fig. C.l I n t e r s e c t i o n  of a s p h e r e  b y  a r a n d o m  plane.
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T h e  c o n v e r s i o n  of p a r t i c l e  sections to p a r t i c l e  sizes 

i n v o l v e s  a s u c c e s s i v e  s u b t r a c t i o n  process. C o n s i d e r  a 

p o l y d i s p e r s e d  s y s t e m  of sp h e r e s  i n t e r s e c t e d  b y  a plane.

W h e n  the n u m b e r  of s e c t i o n s  of the same d i a m e t e r  is counted, 

a l l o w a n c e  m u s t  be made for the fact t h a t  some of the 

se c t i o n s  d e r i v e  from s p h e r e s  of l a r g e r  diameters. T h e  

n u m b e r  of these l a t t e r  sections m u s t  be s u b t r a c t e d  f r o m  the 

total n u m b e r  in o r d e r  to o b t a i n  t h o s e  s e c tions due o n l y  to 

sp h e r e s  of o ne size. Fig. C.2 shows the p r o b l e m  i n v o l v e d  

here. T h e  s e c tions f r o m  s p h e r e s  in the v e r t i c a l  c o l u m n s  

h a v e  the same diameter, w h e r e a s  the s p h e r e  d i a m e t e r s  v a r y  

s y s t e m a t i c a l l y  b e t w e e n  a n d  D 5 . T h e  t o tal n u m b e r  of  

s e c t i o n s  of one size, f or e x a m p l e  the s m a l l e s t  size c an be 

e x p r e s s e d  as:

T h i s  e q u a t i o n  states s i m p l y  t h a t  the total n u m b e r  of 

s e c t i o n s  of d i a m e t e r  di p e r  unit a r e a  c o n s i s t s  of the s um of 

the s e p a r a t e  c o n t r i b u t i o n s  of this s e c t i o n  size from spheres 

of the same size and all larger sizes. (nb. NA( i) is a 

m e a s u r e d  q u a n tity). S i m i l a r  e q u a t i o n s  c an be w r i t t e n  for 

other s e c t i o n s  and p a r t i c l e  diameters.

It is d e s i r e d  to c a l c u l a t e  the n u m b e r  of s p h e r e s  of 

d i a m e t e r  D 5 , D4 , D 3 etc. In o r d e r  to do so, the n u m b e r  of 

se c t i o n s  of d i a m e t e r  ds, d4 , d3 etc., t h a t  arise o n l y  from 

the above sp h e r e s  m u s t  be known. In this cas e  Eqn. C.4 

b e c o m e s :

(C.4)

Na (5,5) = Na(5)
N a M )  = r W M - N ^ , 5 )

Na(3 3) = Na(3) - Ima(4,3) - Na(5,3)
ana so on.
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\ D

{

\D,

1

Fig. C.2 S c h e m a t i c  i l l u s t r a t i o n  of the c o n t r i b u t i o n  of 

s p heres w i t h  d i a m e t e r s  to D 5 to the total n u mber of 

se c t i o n s  w i t h  d i a m e t e r s  d]_ to d s .
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S i nce N^(5) is a m e a s u r e d  quantity, N̂ (5,5) is

known, and eqn. (C.2) g i ves Ny for the p a r t i c l e s  of the 5th

via eqn. (C.2). The p r o c e s s  can be c o n t i n u e d  down to 

t he s m a l l e s t  p a r t i c l e  size. It c a n  be s e e n  t h a t  each 

s u b t r a c t e d  t e r m  d e pends on the p r e v i o u s l y  c a l c u l a t e d  v a lue 

of  Ny and t h a t  the n u m b e r  of s m a l l e s t  p a r t i c l e s  m ay be  

i n a c c u r a t e  b e c a u s e  of a c c u m u l a t e d  errors.

C . 2 S a l t y k o v ' s  M e t h o d

S a l t y k o v ' s  m e t h o d  m a kes two a s s u m p t i o n s  a b o u t  the 

s p h e r e  d i a m e t e r s  w i t h i n  the matrix. Firstly, t h a t  the 

l a r g e s t  d i a m e t e r  o b s e r v e d  c o r r e s p o n d s  to t h a t  of the l a r g e s t  

s p h e r e  p r e s e n t  and, secondly, t h a t  t h e r e  is a d i s c r e t e  

d i s t r i b u t i o n  m a d e  up of ITl classes. T he d i a m e t e r  of the 

l a r g e s t  spheres is Dm and the c l ass w i d t h  ( A ) i n t r o d u c e d  as

T a b l e  C.l shows t h a t  the s p h e r e  d i a m e t e r s  in each 

c l ass are c o n s i d e r e d  to a s s u m e  a c o n t i n u o u s  d i s t r i b u t i o n  

w h i c h  is t h e n  b r o k e n  up into classes. T he n u m e r i c a l  d e n s i t y  

of p r o f i l e s  in class i is

size group. C o n t i nuing, s i nce Ny(5) is known, the value of 

n a (4,5) can calculated. T h i s  numb e r  is t h e n  s u b t r a c t e d

f r o m  N^(A) , w h i c h  gives N^(A,4) w h i c h  in t u r n  yiel d s  Ny(A)

A = Dm/m (C . 5 )

m

( C . 6 )
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T o  find the d e p e n d e n c e  b e t w e e n  the n u m b e r  of spheres 

in class j, Ny(j) and the n u m b e r  of p r o f i l e s  t h a t  t h e s e  

s p h e r e s  c o n t r i b u t e  to p r o f i l e  c l a s s  i, N^( jj) , S a l t y k o v

p u t  f o r ward the f o l l o w i n g  a r g u m e n t  (Fig. C.3). C o n s i d e r  a 

s p h e r e  of d i a m e t e r  j.A . A  s e c t i o n  p l a n e  w i l l  g e n e r a t e  a 

p r o f i l e  of d i a m e t e r  iA to (i - 1 )A , the r a nge of p r o f i l e

c l a s s  i, if the s p h e r e  c e n t r e  is at a d i s t a n c e  b e t w e e n  hi 

an d  h (i -1) from the s e c t i o n  plane. A c c o r d i n g l y ,  all s p h e r e s  

of size c l ass j h a v i n g  h a v i n g  t h e i r  c e n t r e  in a f i c t i t i o u s  

"slice" of t h i c k n e s s  (h(i-1)-hi ) to e i t h e r  side of the

s e c t i o n  p l a n e  w i l l  c o n t r i b u t e  p r o f i l e s  to class i.

C l a s s
N u m b e r

D i a m e t e r N u m e r i c a l  D e n s i t y

P a r t i c l e s

1 A Nv(1 )
2 2 A n v (2 )

3 3 A n v (3)

j jA N V (j)

m m A N V (m)

P a r t i c l e s

1 0 to A n a (1 )

2 A to 2A n a (2 )

3 2a to3A na (3)
i (i -1) A to i A NA (ii

m (m-1)A to mA N a (IT))

T a b l e  C. 1. D e f i n i t i o n  of terns used in S a l t y k o v  method.
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LIMITING
SECTION

PLANES

Fig. C. 3 S a l t y k o v ' s  m o d e l  for d e r i v i n g  p r o f i l e  size 

f r e q u e n c y  in c l ass i.

Hence, N A(i,j ) = Nylj ) • 2 (hi-1 —  hi) (C.7)
T h e  f a c t o r  2 arises b e c a u s e  each s p here h as two r e g i o n s  from 

w h i c h  p r o f i l e s  of this size can be cut. Th e  volume b e t w e e n  

hj-1 and hi c an be e x p r e s s e d  m o r e  c o n v e n i e n t l y  in t e r m s  of 

p a r t i c l e  d i a m e t e r  ( jA ) and s e c t i o n  d i a m e t e r s  ( (i-1) A) to iA
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w h i c h  gives:

N A(i.j)= N v lj)A[Vj2-(j_1)2 ~/(]2lj2y]

rOfij. A. Nv(j) (C.8 )

T h i s  is S a l t y k o v ' s  b a s i c  e q u a t i o n  r e l a t i n g  the n u m b e r  of 

s e c t i o n s  in unit are a  to the n u m b e r  of p a r t i c l e s  in u nit 

v o l u m e  for s p heres of one d i a m e t e r .  E q u a t i o n  (C.8 ) c a n  be 

a p p l i e d  s e p a r a t e l y  to each size g r oup of s p h e r e s  in the 

d i s c r e t e  d i s t r i b u t i o n .  T h e  c o e f f i c i e n t s  in the equation, 

r e l a t i n g  the NA>S to Ny*s are d e t e r m i n e d  by  s u c c e s s i v e  

s u b s t i t u t i o n  of i n t e g e r  v a l u e s  of i and j. S a l t y k o v ' s  

p r o c e d u r e  can be i l l u s t r a t e d  b y  c o n s i d e r i n g  a simple case 

w h e r e  the p a r t i c l e s  a re d i v i d e d  into t h r e e  groups, t h a t  is j 

= 1, 2 a nd 3 w h e r e  3 is the l a r g e s t  and 1 the smallest. T h e  

e q u a t i o n s  for the t h r e e  p a r t i c l e  size g r o u p s  can be w r i tten:

n a(D = NA(i,i)+ i\yu) + i\yi,3)

Na(2) = Na(2,2) +Na(2,3)
Na(3) = Na(33)

s u b s t i t u t i n g  for e q n . (C.8 ):
Na(1) = N vd)A+ K,2 Nv(2)A+ Ki3NvB)A

^(2) =H^I^2)A+ K 2 3N (2) A

Nj(3) = hy'iJSlA (c . 9 )
These three simultaneous linear equations may be solved for 
the unknowns ( NNj[1)JNv(2) and NJ3) ) in terms of the
measured quantities (NA (1) , NA (2) and NA (3) ):

N11) = J M  - oo _NU2L -
A A A

H } 2 ) =  a  NftCL- cfc Na[3)
A A

Ny(3) = o^ 3  N a (3)
A

(C.10)
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T h i s  p r o c e d u r e  c a n  be f o l l o w e d  for any d e s i r e d  n u m b e r  of 

groups. The ge n e r a l  f o r m u l a  for N y (j) "has the f orm

Nv(j) = Q̂j,i N a ( i)-Ogj/H-D NA(i+l)-Q£j,(i+2)NA(i+2)-....-Q£j,mNA(m) 11 ̂

A
w h e r e  j = i and v a ries from 1 to m  and m is e q ual to the 

t o t a l  n u m b e r  of groups.

W i t h  this s u b t r a c t i v e  method, the e r r o r s  t e n d  to  

a c c u m u l a t e  in the s m a l l e r  p a r t i c l e  size b ins so the r e s u l t s 

for the small sizes w i l l  be i n a c c u r a t e  unless g r eat care is 

t a k e n  w i t h  t h e i r  m e a s u r e m e n t .  In the c o m p u t e r  p r o g r a m  

w r i t t e n  to p e r f o r m  t h e  S a l t y k o v  c o r r e c t i o n  (section C . 3 ) the 

s e c t i o n  d i a m e t e r s  w e r e  c a l c u l a t e d  from the a r e a s  of the 

c i r c l e s  measured. Th e  b i n  sizes i n c r e a s e  u n i f o r m l y  b y  area.
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C .2 COMPUTER PROGRAM TO PERFORM SALTYKOV CORRECTION

PROGRAM IOUISE2 (INPUT, OUTPUT, TAPE5=INPUT, TAPE6=OUTPUT)
C
C
C CONVERTS APARENT PORE SIZE TO TRUE PORE SIZE 
C USING SALTYKOV'S METHOD

DIMENSION CELL(18), FREQ( 18) , PROBMA( 18,18), 90LF( 18) 
DIMENSION WSP1 (18),FREQl (18)

C SET BIN SIZES
DATA CELL/8.06,7.81,7.57,7.31,7.05,6.77,6.48,6.18,

+ 5.86,5.53,5.17,4.79,4.37,3.91,3.39,2.76,1.95,0.01/
M=17 
N=M+1

C READ IN DATA
PRINT*, 'TYPE IN FREQ VALUES STARTING WITH LARGEST CELL' 
READ(5, *) (FREQl (I ), 1=1,M)
DO 123 1=1,M

123 FREQ(I)=FREQ1(I )
C COMMENCE SALTYKOV CONVERSION 

CALL SALT(CELL, N,PROBMA)
SUM2=0 
DO 40 1=1, M 
SUM2=SUM2+FREQ (I )

40 WSP1(I)=FREQ(I)
DO 600 1=1,M 
FREQ (I )=FREQ( I )/SUM2 

600 WSP1(I)=FREQ(I)
500 M1=M-1 

SUM1=0.0 
DO 30 J=1,M1
SOLF (J )=WSP1 (J )/PROBMA( J, J )
SUMl=SUMl+SOLF (J )
DO 10 1=1, Ml
WSP1(I )=WSP1(I )-PROBMA(I, J)*SOLF(J)

10 CONTINUE 
30 CONTINUE 

SUM4=0.0 
SOLF (M) =1.0-SUM1 
DO 47 1=1,M
V7SP1 (I )=SOLF( I ) / (CELL (I) *CELL (I ))

47 SUM4=SUM4+WSP1(I)
DO 48 1=1, M

48 SOLF(I)=100.0*WSP1(I )/SUM4 
SUM3=0.0

C CONVERT FROM NUMBER TO VOLUME WEIGHTED 
DO 124 1=1,M
SOLF(I)=SOLF(I )*CELL(I )*CELL(I )*CELL(I )

124 SUM3=SUM3+SOLF(I )
DO 125 K2=1,M

125 SOLF(K2)=SOLF(K2)*100.0/SUM3 
C CALCULATE MEAN PORE SIZE

E=0.0
DO 126 1=1,M

126 E=CELL(I)*S0LF(I)+E 
E=E/100.0

C OUTPUT RESULTS
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LU=5
111 WRITE(LU,*) 'SIZE DISTRIBUTION OF SPHERES CALCULATED B Y ’ 

WRITE(LU,*)' SALTYKOVS METHOD'
WRITE (LU, 800)

800 FORMAT(//17X/'SIZE',18X,'INTERCEPTS',10X,'SPHERES %'/) 
WRITE (LU, 900) (CELL (I) ,CELL(I+1) ,FREQ1 (I), SOLF(I), 1=1, M) 

900 FORMAT(13X,F8. 3, ' - ' ,F8. 3,15X,F7.3,15X,F9.4)
WRITE (LU, 950 )E

950 FORMAT (//10X,'MEAN SIZE (VOLUME WEIGHTED) = ',F10.3//) 
IF(LU.NE.5)GO TO 75 
LU=6 
GOTOlll 

75 CONTINUE 
WRITE(6,444)

444 FORMAT(//33X,'FIN')
END

C
SUBROUTINE SALT (CELL, N, PROBMA)

C CALCULATES PROBABILITY MATRIX
DIMENSION CELL(18) ,PROBMA(18,18)
M = N - 1

DO 12 1=1,M 
DO 12 J=1,M 

12 PROBMA(l,J)=0.0 
DO 20 J=1,M 
D=CELL(J)*CELL(J)
DO 20 I=u,M

20 PROBMA(I, J)= (CELL(I)*CET-L(I )-CELL(1+1)*CELT,(1+1))/D 
RETURN 
END
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