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Fracture mechanisms in microstrength 
testing of carbon artifacts 

S. RAGAN* ,  H. MARSH 
Northern Carbon Research Laboratories, School of Chemistry, University of Newcastle 
upon Tyne, Newcastle upon Tyne, UK 

Failure mechanisms in baked carbons prepared from oxidized needle-coke and a coal-tar 
pitch binder are examined in terms of their optical texture and microstrength. Models are 
presented which describe interfaces between binder coke and filler coke and the failure 
mechanisms at these interfaces. Crack growth can occur at the interface between binder 
and filler; crack growth can interconnect the fissured interfaces between oxidized filler 
coke and binder; crack growth can occur between binder and filler cokes across a wetted/ 
keyed interface. 

1. Introduction 
A previous publication of Ragan and Marsh [1] 
considers the use of oxidized needle-cokes in the 
preparation of carbon artifacts. The nature of 
interactions between pitch, pitch-coke and filler 
coke directly influences the strength (micro- 
strength) of resultant artifacts. This paper attempts 
to examine the failure mechnisms exhibited by 
the artifacts described earlier [1 ]. It considers the 
influence of interactions between pitch-coke 
(binder-coke) and filler coke upon micro-crack 
behaviour. Similar studies based on the behaviour 
of coal derived cokes have also been published 
[2,31. 

This paper therefore examines the micro- 
strength, optical texture and failure mechanisms 
in baked carbons resulting from the use of oxi- 
dized needle-coke and a pitch binder. Attention 
is directed especially to an optical microscopy 
examination of the coke fragments following 
microstrength testing in an attempt to ascertain 
mechanisms of failure. 

2. Experimental details 
The artifacts used are described [1 ]. Microstrength 
testing has also been fully described [4]. The sieve 
fractions from the microstrength testing of the 
artifacts [1] were retained for examination by 
optical microscopy. The sized product, > 600/Ira, 

was mounted in polyester resin and polished. 
Optical texture and crack behaviour were exam- 
ined and photographed in reflected, polarized light 
using a Vickers M17 Photoplan Microscope as 
described [ 1 ]. 

3. Results 
3.1. Optical  mic roscopy  
Fig. 1 shows the optical texture of a carbon arti- 
fact from calcined Conoco needle-coke with 35% 
BSC No. 2 electrode binder pitch after micro- 
strength testing. Position A shows microcrack 
propagation preferentially at the interface between 
the filler and binder coke. 

Fig. 2 shows the optical texture of a carbon 
artifact from Conoco needle-coke (5% oxidized) 
with 35% BSC No. 2 electrode binder pitch after 
microstrength testing. Position B shows a micro- 
crack moving into and exploiting the fissured 
interface between the binder and filler cokes. 

Fig. 3 shows the optical texture of a carbon 
artifact from Conoco needle-coke (10% oxidized) 
with 35% BSC No. 2 electrode binder pitch after 
microstrength testing. Position C shows micro- 
crack propagation through the binder into the 
filler coke across the interface. 

Fig. 4 shows the optical texture of a carbon 
artifact from Conoco needle-coke (20% oxidized) 
with 35% BSC No. 2 electrode binder pitch after 
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Figure 1 Optical micrograph of carbon artifact from 
Conoco needle-coke with 35% BSC No. 2 electrode 
binder pitch. After microstrength testing. HTT 1273K, 
4Kmin -1, in nitrogen. Position A shows microcrack 
propagation through the binder coke then preferentially 
along the interface with the filler. 

microstrength testing. Position D shows micro- 
crack development in the filler coke. 

Fig. 5 shows the optical texture of  a carbon 
artifact from calcined Shell needle-coke with 35% 
BSC No. 2 electrode binder pitch after micro- 
strength testing. Position E shows microcrack 
propagation along the interface between the filler 
and binder cokes. 

Fig. 6 shows the optical texture of  a carbon 
artifact from Shell needle-coke (5% oxidized) 
with 35% BSC No. 2 electrode binder pitch after 
microstrength testing. Position F shows micro- 
crack propagation along the interfaces of  two 
particles of  binder and filler coke. 

Fig. 7 shows the optical texture of  a carbon 
artifact from Shell needle-coke (10% oxidized) 

l~gure 3 Optical micrograph of carbon artifact from 
Conoco needle-coke (10% oxidized) with 35% BSC No. 2 
electrode binder pitch. After microstrength testing. HTT 
1273 K, 4 K min -1, in nitrogen. Position C shows micro- 
crack propagation from the binder into the filler coke. 

with 35% BSC No. 2 electrode binder pitch after 
microstrength testing. Position G shows micro- 
cracks interconnecting the fissured interfaces 
between binder and filler coke. 

Fig. 8 shows the optical texture of  a carbon 
artifact from Shell needle-coke (20% oxidized) 
with 35% BSC No. 2 electrode binder pitch after 
microstrength testing. Position H shows micro- 
crack propagation from the binder coke to the 
interface with filler coke and continuing along 
the surface. 

Fig. 9 shows the optical texture of  an artifact 
from an NCB calcined coal extract coke No. 18 
with 35% BSC No. 2 electrode binder pitch after 
microstrength testing. Position J shows micro- 
cracks interconnecting fissured interfaces between 
the binder and filler cokes. 

Figure2 Optical micrograph of carbon artifact from 
Conoco needle-coke coke (5% oxidized) with 35% BSC 
No. 2 electrode binder pitch. After microstrength testing. 
HTT 1273K, 4Kmin -1, in nitrogen. Position B shows a 
microcrack exploiting the fissured interface. 

Figure4 Optical micrograph of carbon artifact from 
Conoco needle-coke (20% oxidized) with 35% BSC No. 2 
electrode binder pitch. After microstrength testing. 
HTT 1273 K, 4Kmin -1, in nitrogen. Position D shows 
microcrack growth in the filler. 
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Figure 5 Optical micrograph of carbon artifact from Shell 
needle-coke with 35% BSC No. 2 electrode binder pitch. 
After microstrength testing. HTT 1273 K, 4 K min -1, in 
nitrogen. Position E shows microcrack propagation at 
the interface between the filler (needle-coke) and binder 
coke. 

Fig. 10 shows the optical texture of an artifact 
from an NCB coal extract coke No. 18 (5% oxi- 
dized) with 35% BSC No. 2 electrode binder pitch 
after microstrength testing. Position K shows 
crack growth at the interface between binder and 
filler cokes with considerable subsiduary micro- 
cracking in the binder coke. 

Fig. l 1 shows the optical texture of  an artifact 
from an NCB coal extract coke No. 18 (10% oxi- 
dized) with 35% BSC No. 2 electrode binder pitch 
after microstrength testing. Position L shows crack 
propagation from the binder coke through the 
filler coke across the interface between the two 
cokes. 

Fig. 12 shows the optical texture of an artifact 

Figure 7 Optical micrograph of carbon artifact from Shell 
needle-coke (10% oxidized) with 35% BSC No. 2 elec- 
trode binder pitch. After microstrength testing. HTT 
1273 K, 4 K rain -1, in nitrogen. Position G shows micro- 
cracks interconnecting the fissured interfaces of the filler 
and binder coke. 

from an NCB coal extract coke No. 18 (20% oxi- 
dized) with 35% BSC No. 2 electrode binder pitch 
after microstrength testing. Position M shows 
microcrack growth in the filler coke. 

Fig. 13 shows optical texture of an artifact 
from an NCB coal extract coke No. 18 (20% oxi- 
dized) with 35% BSC No. 2 electrode binder pitch 
after microstrength testing. Positions N and O 
show microcrack propagation at interfaces 
between binder and filler cokes. 

3.2. Models of interface s t ruc tu re  
Fig. 14 shows idealized models of the types of 
interface developed by needle-coke fillers with 
binder coke [!]. Fig. 14a, shows a wetted interface 

Figure 6 Optical micrograph of carbon artifact from Shell 
needle-coke (5% oxidized) with 35% BSC No. 2 electrode 
binder pitch. After microstrength testing. HTT 1273 K, 
4Kmin  -1, in nitrogen. Position F shows microcrack 
propagation at the interface between the filler and binder 
coke. 
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Figure 8 Optical micrograph of carbon artifact from Shell 
needle-coke (20% oxidized) with 35% BSC No. 2 elec- 
trode binder pitch. After microstrength testing. HTT 
1273 K, 4 K min -1, in nitrogen. Position H shows micro- 
crack propagation from binder coke, along interface 
between filler and binder cokes. 



Figure 9 Optical micrograph of carbon artifact from NCB 
coal extract coke No. 18 with 35% BSC No. 2 electrode 
binder pitch. After microstrength testing. HTT 1273K, 
4 K rain -~, in nitrogen. Position J shows microcracks inter- 
connecting fissured interfaces between filler and binder 
components. 

typical of  the non-oxidized binder/filler inter- 
actions in artifacts containing needle-coke fillers. 
Fig. 14b shows the fissured interface, typical  of  
partially oxidized binder/filler interactions and 
Fig. 14c shows the wet ted/keyed interface where 
surface features, e.g. pits developed on the filler 
particles as a result of  extensive oxidat ion have 
been penetrated and wet ted by the binder pitch. 

Fig. 15 shows idealized models of  the fracture 
mechanism of  artifacts containing needle-coke 
fillers, as a result of  microstrength testing, relative 
to the types of  interface developed between the 
binder and filler cokes. Fig. 15a shows crack 
growth at the interface between filler and binder, 
i.e. typical fracture mechanism in all of  the arti- 

Figure 11 Optical micrograph of carbon artifact from 
NCB coal extract coke No. 18 (10% oxidized) with 35% 
BSC No. 2 electrode binder pitch. After microstrength 
testing. HTT 1273K, 4 K min ~, in nitrogen. Position L 
shows microcrack propagation from binder into filler 
across the interface between the two cokes. 

facts examined. Fig. 15b shows crack growth inter- 
connecting the fissured interfaces between oxi- 
dized filler and binder, a common fracture mech- 
anism in artifacts containing oxidized needle-coke 
fillers, i.e. Fig. 7, Position G. Fig. 15c shows 
crack growth between the binder and filler cokes 

across a wet ted/keyed interface. This type of  
fracture mechanism is only seen in artifacts con- 
taining heavily oxidized needle-coke fillers, i.e. 
20% oxidation,  Fig. 4, Position D. 

Fig. 16 shows idealized models of  the types of  
interfaces developed by a coal extract  coke No. 18 
filler with binder coke [1]. Fig. 16a shows the 
fissured interface typical  of  the non-oxidized and 
5% oxidized coal extract coke fillers with binder 
coke. Fig. 16b shows the wet ted/keyed interface 

Figure 10 Optical micrograph of carbon artifacts from 
NCB coal extract coke No. 18 (5% oxidized) with 35% 
BSC No. 2 electrode binder pitch. After microstrength 
testing. HTT 1273K, 4Kmin -t, in nitrogen. Position 
K shows microcrack growth at interface between filler 
and binder cokes with subsidiary cracking in tl~e binder. 

Figure 12 Optical micrograph of carbon artifact from 
NCB coal extract coke No. 18 (20% oxidized) with 35% 
BSC No. 2 electrode binder pitch. After microstrength 
testing. HTT 1273 K, 4 Kmin -~, in nitrogen. Position M 
shows microcrack growth in filler coke. 
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Figure 13 Optical micrograph of carbon artifact from 
NCB coal extract coke No. 18 (20% oxidized) with 35% 
BSC No. 2 electrode binder pitch. After microstrength 
testing. HTT 1273K, 4Kmin -1, in nitrogen. Positions 
N and O show microcrack propagation at interfaces 
between filler and binder cokes. 

typical of  the filler/binder interaction in artifacts 
containing 10 to 20% oxidized coal extract coke 
filler. 

Fig. 17 shows ideafized models of  the fracture 
mechanisms shown by artifacts containing coal 
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(Q) 

Fissured interface 

~i~j y I~ I 
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coke 

extract coke following microstrength testing and 
related to the type of  interface developed between 
the filler and binder cokes. Fig. 17a shows crack 
growth interconnecting the fissured interfaces 
between binder and filler cokes, this being a com- 
mon mechanism in artifacts containing non- 
oxidized and 5% oxidized extract coke fillers, i.e. 

i 

Fig. 9, Position J. Fig. 17b shows crack growth 
between binder and filler cokes across a keyed 
interface, i.e. a common mechanism in artifacts 
containing oxidized extract coke filler, i.e. 10 to 
20% oxidation, Figs. 11, 12, Positions L and M. 

4. Discussion 
Examination of  the fracture behaviour resulting 
from microstrength testing in artifacts containing 
needle-coke fillers indicates that the type of inter- 
face developed between the binder and filler cokes 
largely controls microcrack formation and growth 
and hence the microstrength of  the artifact. 

4.1. Needle-cokes 
In all the artifacts the typical fracture mechanism 
is that of  microcrack growth at the interface 
between binder and filler coke Fig. 15a. Hence, 
changes in the type of interface, resulting from 
oxidation of the filler, have a marked influence 
on the microstrength of the artifact. Ragan and 
Marsh [1] show for non-oxidized needle-coke 
fillers that the filler particles were "wet ted"  by 
the molten binder pitch during mixing this 
resulting in a close, but discontinuous, contact 
between the binder and filler This contact between 
the binder and filler is maintained during c o n -  

Figure 14 Models of the type of interfaces observed 
between needle-coke fillers and binder coke; (a) wetted 
interface, (b) fissued interface, (c) keyed interface. 
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Figure l5 Models of observed 
crack growth in artifacts made 
with needle-coke filler;. (a) 
growth at interface; (b) growth 
connecting interfaces; (c) 
growth across the interface. 
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Figure 16 Models of the types of interfaces observed between coal extract filler and binder coke; (a) fissured interface; 
(b) keyed interface. 

traction of the binder, on baking, resulting in a 
distinct "wetted" interface between the binder 
and filler cokes. Microcrack growth at these inter- 
thces, resulting from stress in the artifact induced 
by microstrength testing, results from propagation 
of the discontinuity existing between the binder 
and filler coke at the wetted surface. The for- 
mation of fissures at the interface between binder 
coke and oxidized needle-coke filler is shown in 
Fig. 14. Pits developed in the surface of the filler 
particles, as a result of oxidation, inhibit the 
wetting interaction between binder and filler 
by being too small to be penetrated by the molten 
binder, i.e. < 4/~m. This results in reduced contact 
between the binder and filler coke and the devel- 
opment of fissures at the interface results from 
contraction of the binder on baking. The develop- 
ment of this type of interface markedly reduces 
the microstrength of resultant artifacts. Crack 
growth at the interface between filler and binder 
(Fig. 15a) is facilitated by pre-existing interfacial 
fissures. Microcracks grow through the intercon- 
necting fissured interfaces (Fig. 15b). This com- 
bination of  failure mechanisms results in the 
marked decline in the microstrength of the arti- 
facts [1 ]. 

With extensive oxidation ~20% the pits on 
the surface of the filler particles become of suf- 
ficient size, i.e. > ~5/Jm to be penetrated by the 
molten binder pitch producing a wetted, keyed, 
interface, i.e. Fig. 14c. This results in an improved 

3718 

bonding between the binder and filler cokes, but 
has little effect on the strength of resultant arti- 
facts as the strength of the needle-coke filler itself 
deteriorates markedly with increasing oxidation 
[1 ]. Hence, stresses in the artifact, from the micro- 
strength testing, produce microcracks which will 
easily propagate from the binder, into and through 
the filler particles (Fig. 15c)counteracting any 
improvement in artifact strength resulting from 
enhanced bonding. 

4.2. Coal ex t rac t  coke  

Fracture mechanisms found in microstrength 
testing in artifacts containing coal extract filler 
coke again indicate that the type of interface 
developed between the binder and filler cokes 
largely controls microcrack formation and growth 
and hence the micrograph of the artifact. 

Generally, microcrack growth leading to failure 
of artifacts containing coal extract coke occurs, 
as with needle-cokes, preferentially at the inter- 
face between t~e binder and filler cokes, e.g. 
Fig. 13, Positions N and O. However, the change 
from a fissured interface, Fig. 16a, to a wetted/ 
keyed interface, Fig. 16b, resulting from oxidation 
of the filler, has a marked influence on the strength 
of the resultant artifact. 

For the non-oxidized and partially oxidized 
(~5%) coal extract coke a fissured interface exists 
between the binder and filler cokes. This results 
from differential contraction of binder and filler 



Crack growth interconnecting fissured interfaces. 
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Figure 17 Models of observed crack growth in artifacts made with coal extract coke filler; (a) growth connecting inter- 
faces; (b) growth across the interface. 

cokes, during baking [1]. The fissuring at the 
interface between the binder and the coal extract 
cokes produces crack behaviour similar to that 
seen with oxidized needle-coke fillers. Here inter- 
facial crack growth is facilitated by the presence 
of  pre-existing cracks and by crack growth in 
binder coke through interconnecting fissured 
binder/filler interfaces, e.g. Fig. 17a. This com- 
bination of  failure mechanisms produces relatively 
weak artifacts containing coal extract filler coke. 

However, coal extract filler coke oxidized in 

the range 10 to 20% develops a wetted/keyed 
interface with the binder during mixing and the 
interface is maintained after baking. Formation of  
this type of  interface results from the pits devel- 
oped on the surfaces of  the filler particles because 
of oxidation being large enough to allow pene- 
tration by the molten binder pitch, i.e. > ~5  ~m. 
The increased contact between the binder and 
filler improves mechanical interaction and prevents 
fissuring caused by differential contraction of  
the filler and binder cokes during baking. The 
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increased contact between the cokes resists micro- 
crack growth at interfaces and fracture from 
binder coke through to the filler coke becomes 
prevalent, Fig. 11 Position K and Fig. 17b. 

The propagation of microcracks from binder 
coke into and through filler coke indicates good 
stress transmission across the wetted/keyed inter- 
face. Where this occurs with oxidized needle-coke 
filler, the tow strength of the oxidized filler results 
in a weak artifact. However, it is shown [1 ] that 
the strength of the coal extract filler coke is only 
marginally reduced by oxidation, internal oxi- 
dation of the coal extract coke filler being mini- 
mized by its low porosity. The high strength of 
the oxidized coal extract filler coke resists micro- 
crack propagation from the binder and results in 
the continued strength of artifacts containing 
heavily oxidized coal extract filler coke, i.e. 20% 
oxidation. 
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