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Effect of micro-pores on cracks formation in metallurgical coke
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Abstract

The relationships  of  micro-pores  and cracks  in  metallurgical  coke  have  been investigated  by optical

microscope and FESEM, using surface section samples. The pores have circular, elliptical and irregular

shapes with smooth outlines, formed during the thermoplastic stage of the coking process. They often

associate with connecting cracks between neighbouring pores. In case of elliptical pores, the connecting

cracks are usually oriented along the longer axis of the pore. The connecting cracks can be developed

between the pores, depending on their size and the distance between them. The coke with a large number

of  small  pores  rather  than  with a  small  number  of  larger  pores  will  have lower strength  due to  the

increased amount of connecting cracks. When compared to circular pores, elliptical and flattened pores

have a  lower ability  to  resist  load pressure.  Nano-sized pores have polygonal  outlines,  indicating  an

“explosion”-type formation in the solidified matrix.

Keywords: Pyrometallurgy, Metallurgical Coke, Pores, Cracks

Corresponding author
*S. Gornostayev.  E-mail:  Stanislav.Gornostayev@oulu.fi

(1) Introduction

The porosity (size, shape and distribution) and the presence of cracks in metallurgical coke are among the

major  factors  controlling  its  strength.1-4 The  formation  of  pores  is  controlled  by  the  gas  phase  and

thermoplastic properties of carbon-based matrix of coking coals, when the highest fluidity provides the

most porous semi-coke, presenting a large average pore size and clear signs of pore coalescence.5 Also,

the properties of mesophase can affect the average pore size, the wall thickness, the number of pores

present  in  a  given  area,  and  the  degree  to  which  the  pores  coalesce.6 The  formation  of  cracks  in

metallurgical coke begins during the last stage of the coking process, when the carbon-based matrix of

coke is already solidified. The appearance of cracks is related to the coking pressure as well as the cooling
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of coke after it was pushed out of the coke oven. The cracks also develop as a result of mechanical stress

– during the coke being pushed out of the oven, transportation, charging to the blast furnace (BF) and

load pressure during the BF process. Most of the investigations on the porosity of coke have been done in

a macro-level or with the application of optical microscopy. There are also some simulation models and

quantitative estimations on pores in relation to the formation of cracks and to the strength of coke in

general.1-4

Our  earlier  studies  indicate  that  there  is  also  porosity  associated  with  the  decomposition  of

inclusions of coal-associated minerals.7 Based on that, we divided the porosity, depending on the nature

and properties of the material, into carbon- (matrix-) related and mineral-related. We also reported that

there also mineral-associated cracks, which appear along grain boundaries of quartz8 and spinel9 during

coking and BF processes. 

The objectives of this study were to investigate micro- and nano-scale details of carbon- (matrix-)

related porosity, in order to see how the size, shape and distribution of the smallest pores can be linked to

the appearance and development of cracks, and to describe the initial mechanisms of cracks formation in

a micro-level. In addition to that, comparison of the results with theoretical data and calculations on this

subject has been planned to see how well the theoretical data correlate with observations on samples of

industrial coke.

(2) Experimental

For detailed investigations of metallurgical coke by optical microscope (including an automated texture

analysis,10 Raman microscope,11 scanning electron microscope (SEM/FESEM),9 and electron microprobe

(EPMA),12 we  use  three  types  of  coke  samples,13 including  (Fig.  1)  mounted  polished  sections,

unmounted polished sections, and surface section samples. For this study, all types of the samples have

been prepared from industrial (feed) coke.

PLACE FOR FIGURE

Figure 1. General view of mounted (1) and unmounted (2) polished sections, and surface section (3).
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Mounted polished sections were prepared with low-viscosity epoxy resin and a single side of the

section was carefully polished according to a procedure reported earlier.13 Unmounted polished section

pieces were cut from both sides and their typical size was 25x25x10 mm. The grinding and polishing of

one side were done using SiC abrasive papers. Either air or ethanol was used as coolant. Surface section

samples are intact, unpolished dry-cut samples prepared for investigations of features that can be found

on authentic  surface  of  coke,  including  original  textures  and  morphologies,14 appearance  of  mineral

matter,15 relationships between the coke matrix and associated mineral matter,9 interaction of coke with

droplets of molten iron16 and the formation of graphite.17 The samples were preliminary studied with

optical  microscope.  After  that  they  were  investigated  mostly  with  a  high  resolution  Field  Emission

Scanning Electron Microscope (FESEM) Zeiss ULTRA plus and, in a few occasions, with Jeol GSM-6400

Scanning Electron Microscope (SEM) operated at 15 Kv.

(3) Results and discussion

It was observed that polished sections (Fig. 2A) are useful for the evaluation of pore shapes in a cross-

section, their size and relationship to each other, but it was difficult to see any cracks there. Unmounted

polished  sections  (Fig.  2B)  provide  more  information  by  observation  of  cracks  inside  the  pores.

Nevertheless, the cracks could not be traced outside the pores on polished surface of the samples. It seems

that the cracks in both types of the samples have been hidden (healed) during grinding and polishing due

to the softness of the carbon-based matrix. The most useful for the investigations of pores and cracks and

their  relationships  were surface section  samples  (Fig.  2C).  Therefore,  the  majority  of  data  presented

below have been obtained from this type of sample using FESEM.

Our investigations with optical microscope and FESEM have revealed the variations of porosity

size, which can be documented under different magnifications. Fig. 1 (optical microscope, pore size 1mm

and above) and Fig. 2C (FESEM, low magnification) demonstrate macro-porosity,  which can be also

noticed in the samples by the naked eye. In Figures 2A, 2B, 3 and 6A, the pores of micro-size (from 4 µm

to 1 mm) can be seen, while Fig. 6B describes nano-sized (less than 1 µm) porosity. Therefore, the pores

can  be  generally  divided  into  macro-  (seen  by  the  naked  eye,  optical  microscope  or  with  low
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magnification under FESEM – 1 mm and above), micro- (1 µm – 1 mm) and nano-size pores (< 1µm).

The last two types of porosity have been investigated in details.

Micro-pores have circular, elliptical and irregular (formed by coalescence of smaller neighbouring

pores) shapes in a cross-section.  They all  have smooth outlines (Fig. 2A; Fig. 3), formed during the

thermoplastic stage of the coking process. The formation of elliptical  (elongated) shapes of the pores

(Figs. 3C and 3D) can be related to coking pressure and plasticity of the coke mass. Generally speaking,

the higher the plasticity and the pressure, the more distinct elliptical and flattened shapes can be formed.

PLACE FOR FIGURE

Figure 2. Cracks and pores in metallurgical coke, FESEM. Mounted (A) and unmounted (B) polished

sections, and surface section (C). 

PLACE FOR FIGURE

Figure 3. Micro-pores and cracks in metallurgical coke. Surface section samples, FESEM.

First  cracks  probably appear  in coke during the last  stage of  coking process and then during

cooling, after it was pushed out of coke oven. In this case, they have a radial shape around pores (Fig. 3F)

indicating textural differences of the material in the direction from the pore wall further to the matrix. The

other  (and  more  important)  reason  for  crack  formation  is  mechanical  stress,  when  coke  is  moved

(transported) and loaded to BF. The formation of these stress-related cracks depends on the pressure as

well as properties of the coke matrix itself. As it was revealed during this study, the porosity of coke has a

substantial influence on micro cracks formation (initial cracks).

The micro-pores  often  associate  with cracks,  which  connect  two or  more  neighbouring  pores

(Figures 3C and 3E). In the case of elliptical pore shapes, the connecting cracks often go along the longest

axis of the pores (Figures 3C and 3D); while comparable in size (and even larger) rounded pores more

often  have no cracks around them (Figures 3A and 3B). This observation is in agreement with the results

on assessment of coke strength by numerical analysis by Asakuma et al.,1 who stated that the stress can be

easier concentrated at the pore wall for flatter pore than circular pore. The data on quantitative evaluation

of relationships  between pore structure and coke strength by Kubota  et  al.,3 who concluded that  the

amount of low roundness pores and coke strength are in a good correlation, also support our observation.
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Comparable  results  have  been  also  obtained  by  Saito  et  al.,4 who  reported  that  in  the  model  with

randomly  shaped  pores,  the  presence  of  large  irregularly  shaped  pores  caused  the  decrease  of  coke

strength. Perhaps, our data can be used for validation of some existing models on the relationships of

porosity and strength. 

The phenomenon of relationships of shape and strength can be also explained more generally (not

only for metallurgical coke) by the anisotropy of properties of elliptic shapes compared to circular ones.18

So, the direction along the longest axis of elliptical  pores may exhibit  the lowest ability for resisting

pressure compared to circular pores (that have the same size in a cross section). This conclusion is also

valid for all elongated and flattened pores where the length of a pore is higher than the width (Fig. 4).

Taking into account the results and discussion above, one can also make a reference on coking pressure,

since it has an effect on the pore shape. The higher the coking pressure, the more flattened pores will be

formed, thus detracting from the coke strength.

PLACE FOR FIGURE

Figure 4. Cracks formed on long axis of flattened (elongated) micro-pore. Surface section sample, SEM,
scale bar - 200 µm.

The development of connecting cracks between the pores probably depends on their size (diameter

of circular  pores or length of the larger axis in elliptical  pores) and the distance between them. One

noticeable observation is that in some cases the areas with circular pores of 40-100 µm in diameter have

very few or no cracks at all (Figures 3A and 3B). This is especially the case when the pores are small and

the distance between them is sufficiently far. Preliminary data collected from the studied samples show

that it often the case when the distance is more than 100 µm and the diameter of the pores is less than 20

µm,  giving  the  ratio  5:1.  Any increase  of  the  diameter  of  the pores  and/or  decrease  of  the distance

between them raises the probability of crack formation. This can be seen in Fig. 3E, where closely located

(20-100 µm) small (10-40 µm) pores have connecting cracks between each other. It seems that even if

small rounded pores (not only large and elliptical) are located close to each other, then the development

of cracks is possible between them. This fact probably means that when the tensions near neighbouring

pores are high enough and the distance is sufficient, then the interconnection cracks can be formed. The

last statement correlates with observed but not sufficiently discussed phenomena that the compressive
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strength was highest for cokes with a large number of small pores rather than a small number of large

pores.6 It seems obvious that the situation when the pores occur close to each other is typical for cokes

with randomly distributed porosity, when some part of the matrix is free of the pores (Fig. 3B), while the

other hosts  more  closely located  pores,  thus detracting  from the coke strength.  This suggestion is  in

agreement with the results on simulation of effect of pore structure on coke strength by Kim et al.,2 who

reported that if large pores have regular distribution then they strengthen the coke in comparison with the

cases when pores are  arranged randomly.  The general  model  for the formation  of connecting cracks

between micro-pores is presented on Fig. 5.

We reported recently [10] that the addition of high density polyethylene (HDPE) to coking coals

can  cause  the  appearance  of  rounded  (50  µm)  and  elliptic  (50  x  200  µm)  pores  surrounded  by

anisotropic  (highly reactive)  carbon  in  experimental  coke.  It  means  that  the  porosity  can  be  partly

controlled by the addition of HDPE and, consequently, it will have an effect on the strength of the coke.

Unlike micro-pores, nano-sized pores (Fig. 6) usually exhibit  polygonal  boundaries, indicating

“explosion”-type  formation  (breakage)  in the solidified  matrix  at  the end of the coking process.  The

tiniest cracks are formed around nano-sized pores (Fig. 6B). They can probably grow to create larger

cracks when the coke is exposed to mechanical stress (load pressure in a BF). Nano-pores often occur as a

group or chains of several pores located 0.1-2 µm from each other (Fig. 6B).

PLACE FOR FIGURE

Figure 5. General model for the formation of connecting cracks between micro-pores (in a cross section).

PLACE FOR FIGURE

Figure 6.  Micro pores (A) and nano pores with sharp outlines and associated cracks (arrows) (B) in

surface section sample, FESEM.

Since the formation of nano-sized pores takes place during the last stages of the coking process, it

is then possible to suggest that the coke which produces the lowest amount of gas after its solidification

will have fewer cracks related to nano-sized porosity. Such coke will likely possess higher compressive

strength.

(4) Conclusions

Based on the observations and discussion above, the following conclusions can be made:
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- Investigations of cracks and their relationships to the pores will gain the best results when using

surface section samples;

- Based on size, the pores can be divided into macro- (can be studied with optical microscope),

micro- and nano-size pores (FESEM and SEM observations);

- Elliptical, elongated and flattened pores compared to circular pores have lower ability to resist

load pressure. They are more likely to cause the appearance of cracks thus resulting weakness in

the coke. From this point of view, rounded pores indicate stronger coke;

- The connecting cracks can be formed between the pores depending on their size and the distance

between them. Even if small rounded pores (not only large and elliptical) are located close to each

other, then the formation of stress-related cracks is more likely between them;

- The coke with a large number of small (micro-) pores rather than with a small number of larger

pores will have lower strength due to increased amount of connecting cracks;

- The cokes which produce the lowest amount of gas after its solidification will have fewer cracks

related to nano-sized porosity. Such cokes probably will have higher compressive strength;

- The data obtained with high resolution scanning electron microscopy can be used for validation of

some existing models on the relationships of porosity and cracks.
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Figure. 1. General view of mounted (1) and unmounted (2) polished sections, and surface section (3).

Figure 2. Cracks and pores in metallurgical coke, FESEM. Mounted (A) and unmounted (B) polished

sections, and surface section (C). 
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Figure 3. Micro-pores and cracks in metallurgical coke. Surface section samples, FESEM.
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Figure 4. Cracks formed on long axis of flattened (elongated) micro-pore. Surface section sample, SEM,

scale bar −200 µm.

Figure 5. General model for the formation of connecting cracks between micro-pores (in a cross-section).

Figure 6.  Micro-pores  (A) and nano-pores  with sharp outlines  and associated  cracks  (arrows) (B) in

surface section sample, FESEM.
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