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The oxidation behavior of self-sintered graphite blocks was studied using the thermogravimetric analysis 
method together with microstructure observation: a conventional pitch-impregnated graphite block was also 
investigated for comparison. To investigate the oxidation reaction kinetics, the samples were isothermally    
oxidized at 750ºC and 800ºC.  As the oxidation temperature was high enough, the influence of the diffusion of 
oxygen molecules became insignificant, and the oxidation rate increased with decreasing particle size of raw 
materials, most likely due to the increase in the amount of the active site’s free surface.  All the reaction curves 
showed a sigmoidal shape and could be well described by a nucleation and growth model. The fitting results 
indicated that the conventional sample had a higher growth dimension, suggesting that once the reaction was 
triggered in the specimen, the oxidation could spread over the entire sample quickly. The oxidized artifact made 
of the conventional graphite block showed homogeneous oxidation morphology, while the growth of oxidation 
was limited in the self-sintered one. The resultant morphology is quite consistent with the kinetics study results. 
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1. INTRODUCTION 
Graphite blocks possess promising heat resistance 

and thus are widely used in elevated temperatures. For 
example, graphite electrodes, crucibles, and casting 
molds for metal are some common applications. For 
those graphite artifacts utilized under high-temperature 
conditions, their oxidation behavior crucially affects the 
material service life. 

Several works(1-2) have been dedicated to under-
standing the mechanism of the oxidation of graphite  
materials. The kinetics of the graphite oxidation is quite 
complicated. Here is a brief overview, the oxidation  
process includes the adsorption of oxygen onto the 
graphite surface, oxidation reactions, and desorption of 
CO and CO2 gasification products. 

In the first stage of oxidation, oxygen atoms must 
adsorb onto the active free site of the graphite. The   
adsorption depends on the reactivity and validation of 
the free sites, the affinity of the oxygen atoms to the 
graphite surface, and the stability of the resulting   
complexes.  The oxygen atoms can form ethers, lactones, 
and acid anhydrides embedded in the crystal basal 
planes. In addition, the formation of carbonyl complexes 
and alcohols is also possible typically occurring at the 
edges of basal planes(3). Therefore, the amounts of the 

active site-free surface (ASA) would significantly affect 
the reactivity of graphite specimens, which are domi-
nated by the crystalline structure and the fabrication 
method of the graphite blocks. 

Before the adsorption of oxygen atoms, the oxygen 
molecules must diffuse through the bulk fluid phase  
toward the surface of the specimens. In some cases, the 
oxygen molecules could further diffuse into the materi-
als via their pore structure. Therefore, the porosity and 
pore connectivity can also affect the oxidation behavior 
of graphite materials(1). If the oxygen molecules can  
diffuse through internal pores, the oxidation reaction 
will occur inside the bulk graphite. Otherwise, the    
reaction only takes place at the surface of the materials. 

To fabricate graphite blocks, raw carbonaceous 
powders are first molded, followed by heat treatments 
for carbonization and graphitization. A conventional 
process is commonly applied using cokes and pitch  
binders as raw materials and thus additional pitch    
impregnation procedure for densification is needed. 
However, the intrusion of pitches could damage the  
homogeneity of the graphite artifacts(4). Another kind of 
graphite block was developed using binding carbon 
powder (BCP) as the raw materials(5) and due to the  
self-sintering function provided by BCP, no additional 
pitch impregnation treatment is needed. Those graphite 
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blocks made of BCP have been found to exhibit high  
mechanical strength, and their homogeneity of density 
and flexural strength is remarkable(6). This type of  
product is usually called self-sintered graphite blocks to 
be distinguished from those made by the conventional 
process. 

Since the oxidation process is complicated, it is 
quite difficult to evaluate the reaction rate of each stage 
separately. Instead, it is more practical to measure the 
overall oxidation rate.  Several works(7-8) have used the 
thermogravimetric analysis (TGA) method to character-
ize the oxidation behavior. By examining the develop-
ment of the reaction rate, it is possible to deduce the 
mode of the gasification process and to extract oxidation 
rate parameters that can be used for constructing predic-
tive models. In the present work, the oxidation behaviors 
of self-sintered and conventional graphite blocks have 
been comparatively studied. 

2. EXPERIMENTAL METHODS 
2.1 Sample Preparation 

The BCP was synthesized by the China Steel Chem-
ical Corporation, Taiwan. The average particle size of 
the powder was controlled by pulverization and cyclone 
separation. Three categories of BCPs exhibiting distinct 
particle sizes have been used in the present study.  
Those BCPs with median particle size D50 of 20 μm, 12 
μm, and 7 μm were synthesized and abbreviated as  
BCP-20, BCP-12, and BCP-07, respectively. 

To fabricate graphite blocks, BCPs with different 
particle sizes were molded by cold isostatic pressing at 
the same pressure to form a green body with a dimension 
of Φ80 mm×H130 mm and a density of 1.28 - 1.32 g/cm3 
followed by carbonization and graphitization treatments. 

2.2 Oxidation Kinetics 

The oxidation kinetics of the graphite blocks were 
examined by the TGA system (STA7200, Hitachi). The 
samples were cut into small pieces with the dimensions 
of 2×2×2 mm3. The specimens were quickly heated at a 
rate of 20ºC/min up to the desired temperatures (750 and 

800ºC) in an N2 atmosphere, followed by isothermal for 
1 - 2 hrs in the air to conduct an oxidation reaction. The 
weight loss profiles during oxidation were then recorded 
for further analysis. 

2.3 Field Tests and Morphology Observation 

The graphite blocks made of BCP-12 were     
machined into electrode connectors, which are important 
components of the heating elements, to conduct heating 
current in a vacuum-melting furnace. Additional    
connectors made of a conventional graphite block   
(denoted as CG-T), which are a commercial product of 
T company in Japan and widely adopted in this      
application, were also used for comparison. The furnace 
was heated up to 1000 – 1100ºC followed by cooling 
back to room temperature in a vacuum every single run. 
Each set of heating elements was used for 30 runs and 
then dismantled. The oxidized connectors were sliced, 
cold-mounted in epoxy resin, and then examined with 
scanning electron microscopy (SEM; JSM-IT100, 
JEOL) to investigate the morphology of graphite after 
oxidation. 

3. RESULTS AND DISCUSSION 
3.1 Sample Characterization 

The BCPs with different particle sizes were sepa-
rately applied to fabricate graphite blocks, and those 
samples derived from BCP-20 were designated as   
SG-20 and so on. The degree of graphitization (DG) of 
graphite blocks was determined by an X-ray diffraction 
technique(9).  The values of DG and the physical prop-
erties of the self-sintered graphite blocks were measured 
as shown in Table 1. Those properties in Table 1 were 
measured for CG-T as well. The graphitization process 
was carefully controlled such that the values of DG of 
the self-sintered graphite blocks were similar. As for the 
physical properties, the density and hardness of the   
derived graphite block gradually increased with the  
decrease in BCP’s particle size.  Besides, the densities 
of the self-sintered graphite blocks were all higher than 
CG-T. 

 
Table 1  Physical properties of the self-sintered and conventional graphite blocks 

sample DG 
(%) 

Density 
(g/cm3) 

Hardness 
(Shore D) 

SG-20 81 1.87 62 

SG-12 81 1.90 64 

SG-07 84 1.92 65 

CG-T 78 1.77 51 
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3.2 Oxidation Kinetics Analysis Results 

The graphite blocks were rapidly heated to 750 or 
800ºC and then subjected to an isothermal oxidation  
process. Their weight loss during isothermal oxidation 
at the desired temperatures was recorded by the TGA  
instrument as depicted in Figure 1. The degree of reac-
tion, α, defined as follows with m0 being the starting 
mass and m the mass at oxidation time, t, was calculated 
according to the TGA data and shown in Figure 2. 

α (t) = m0−m(t)
m0

................................................... (1) 

The reaction rate of oxidation can be generally  
factorized as the following equation(10). 

dα
dt

= k(T)f(α)PO2   ............................................. (2) 

where k(T) is the reaction constant that depends on 
temperature, T, f(α) represents the conversion function 
that depends on the reaction model, and P O2  the partial 
pressure of oxygen. Since the air gas stream continuously 
flowed through the sample holder of the TGA apparatus 
as the oxidation process was conducted isothermally, 
k(T) and P O2  can be deemed as constant. 

In the case where the specimens were oxidized at 
750ºC, the self-sintered graphite blocks gasified more 
slowly than the conventional one, CG-T. It has been 
found(1) that while oxidation takes place at moderate 
temperatures, the diffusion of oxygen molecules into the 
specimens has a significant influence on the oxidation 
rate. Since all the self-sintered samples are denser than 
CG-T, they may suppress the diffusion of oxygen mole-
cules and thus are more resistant to oxidation. 

 

 
(a) 

 
(b) 

Fig.1.  Weight loss profiles for the isothermal oxidation of graphite blocks conducted at (a) 750℃ and (b) 800℃. 
 

 
(a) 

 
(b) 

Fig.2.  Plots showing α vs t for the isothermal oxidation of graphite blocks conducted at (a) 750℃ and (b) 800℃. 
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In addition, the oxidation rate of self-sintered 
graphite blocks with different particle sizes was    
compared. Figure 1a shows the sequence of the overall 
reaction rate of SG-12 < SG-20 < SG-07.  The effects 
of the particle size of raw materials on the derived graph-
ite blocks were complex. As the particle size decreased, 
its graphite block’s density increased and the diffusion 
of oxygen molecules into the specimens was presumed 
to be limited, which might lead to a decrease in oxidiza-
tion rate.   

Nevertheless, the finer particles could also escalate 
the oxidization rate. Unlike conventional graphite, 
which has been repeatedly impregnated with pitches, the 
constituting particles of self-sintered graphite blocks are 
not covered with additional pitches. The constituting 
particles are inferred to be exposed to the atmosphere, 
and thus the graphite blocks with finer raw materials had 
higher oxidation rates owing to their high specific   
surface areas, which provides more amounts of ASA. 
The sequence of the reaction rate was thus dominated by 
the complex effects of oxygen diffusion and ASA   
content. 

While oxidation took place at 800ºC, the oxidation 
rate for all the samples was enhanced significantly.  
According to Figure 1b, the reaction time to complete 
oxidation for SG-20 is slightly longer than SG-12, which 
is more than SG-07, indicating that the sequence of the 
overall reaction rate is SG-20 < SG-12 < SG-07. Since 
the influence of oxygen diffusion into specimens is   
insignificant at high temperatures, the oxidation rate is 
probably dominated by the amounts of ASA and thus the 
reaction rate is enhanced with the decrease of particle 
size. 

The sigmoidal shape of the α vs t curves revealed 
in Figure 2 indicates that all the specimens studied in the 
present work are most likely oxidized through nuclea-
tion and growth mechanism(11). The oxidation profiles 
can thus be fitted to the Johnson-Mehl-Avrami-
Erofeyev-Kolmogorov (JMAEK) equation(12) displayed 
as follows. 

𝑓𝑓(𝛼𝛼) = 𝑛𝑛(1 − 𝛼𝛼)(− ln(1 − 𝛼𝛼))
𝑛𝑛−1
𝑛𝑛   ..................(3) 

By applying the JMAEK equation, α can be esti-
mated as follows. 

α = 1 − exp (−( Kt)n)  .....................................(4) 

where K is the effective rate constant, and n is the 
Avrami exponent depending on the growth dimension. 
The fitting curves are depicted in Figure 2 and the result-
ant parameters are listed in Table 2. For the self-sintered 
graphite blocks, in the cases where oxidation took place 
at 750ºC, the Avrami exponents of the samples were  
similar, namely 1.8-1.9, while their effective rate   
constants were different due to the complex effects of 
oxygen diffusion and ASA content. In the cases where 
oxidation took place at 800ºC, the oxidation rate was  
significantly enhanced. For SG-20 and SG-12, their  
Avrami exponents increased slightly to 2.1 while the  
effective constants increased notably. Since K is affected 
by the energy barrier of oxidation, the increase in K 
could be attributed to the prone to oxidation probably 
due to the increase in the amounts of ASA. As the size 
of BCP decreased from 12 µm to 7 µm, their K remained 
similar while their Avrami exponents dramatically    
increased from 2.1 to 2.8.  Since n is affected by the 
growth dimensions during the oxidation process, the  
increase in n suggested that once the oxidation was   
initiated in SG-07, the oxidation reaction would    
consume the specimen more quickly. 

For CG-T, its Avrami exponents were quite high, 
namely 2.8-2.9, no matter whether the oxidation took 
place at 750ºC or 800ºC. This indicated that the growth 
dimension of CG-T tended to be relatively high com-
pared to the self-sintered samples, indicating that once 
the reaction was triggered in CG-T, the oxidation was 
more likely to spread over the entire sample. 

3.3 Morphology Observation Results 

The specimens of SG-12 and CG-T were polished 
and then subjected to SEM observation.  The obtained 

Table 2  Fitted parameters for the oxidation of graphite blocks. 

sample oxidation at 750 ℃  oxidation at 800 ℃ 

 K (1/sec) n  K (1/sec) n 

SG-20 3.6×10-4 1.9  7.4×10-4 2.1 

SG-12 3.1×10-4 1.8  8.8×10-4 2.1 

SG-07 4.2×10-4 1.9  8.1×10-4 2.8 

CG-T 5.7×10-4 2.8  7.0×10-4 2.9 
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micrographs are shown in Figure 3. The microstructure 
of SG-12 exhibited constituting particles sintered by 
binding materials, which was a typical morphology of a 
self-sintered graphite block. For CG-T, the framework 
was embedded in flowable materials, suggesting that the 
sample has been repeatedly impregnated with pitches. 

 

 
(a) 

 
(b) 

Fig.3.  SEM micrographs of  (a) SG-12 and (b) CG-T. 

 
Both SG-12 and CG-T were made into electrode 

connectors and then subjected to field tests. After the 
tests, both samples were significantly corroded, thin-
ning, and fragile as shown in Figure 4. For the oxidized 
CG-T, large flakes have peeled off the artifact, while for 
corroded SG-12, only the surface has prominently dete-
riorated and become chalky. The appearance of the used 
artifacts was quite different. The cross sections of both 
oxidized connectors were obtained and shown in Figure 
5. For the SG-12 sample, there was a clear boundary  
between the region near the surface and the core.  On 
the other hand, it was homogeneously oxidized for the 
CG-T sample and no boundary was observed. The   
appearance of their cross-sections showed significant 
differences. Both samples were thus cold-mounted such 
that the morphologies of the used artifacts were properly 
preserved, and SEM probation was conducted to inves-
tigate their microstructure. 

  
(a)                   (b) 

Fig.4.  Oxidized connectors made of  (a) SG-12 and (b) 
CG-T. 

 

 
(a) 

 
(b) 

Fig.5.  Cross sections of the oxidized connectors made of 
(a) SG-12 and (b) CG-T. 

 
The SEM micrographs of the cross-section of   

oxidized SG-12 are illustrated in Figure 6.  The mate-
rials near the surface have been severely corroded while 
those near the core remained intact. Interestingly, there 
was a clear boundary between those two areas as     
indicated by a dashed line in Figure 6. This suggested 
that the oxidation reaction gradually declined away from 
the surface of the artifact. However, for the oxidized  
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CG-T, there were no areas that remained intact as    
displayed in Figure 7, suggesting that the specimen was 
homogeneously oxidized. The TGA analysis showed 
that during the oxidation process, the occurrence of the 
reaction could easily spread over the entire sample in the 
CG-T case. On the other hand, the spread of oxidation in   
SG-12 was limited. The oxidation behavior of the  
comparative specimens in the field tests was quite   
consistent with the TGA analysis results. 

 

 
(a) 

 
(b) 

Fig.6.  (a) SEM micrographs of the oxidized artifact made 
of SG-12 and the subplot (b) showing the enlargement of 
the region near the surface. There is a boundary indicated 
by a dashed line. 

 
For those corroded areas as shown in Figure 7, only 

large particles were sustained while small particles were 
gasified. This phenomenon was also observed in the  
corroded SG-12 sample as shown in Figure 6b. By com-
paring the morphology of the region near the surface and 
that near the core, it could be found that small particles 
have vanished in the corroded region.  This indicated 
that the oxidation process for CG-T and SG-12 had some 
common features that small constituting particles were 
more prone to gasification than large ones. This is also 
consistent with the TGA results as mentioned in the  
previous discussion. 

 
(a) 

 
(b) 

Fig.7.  (a) SEM micrographs of the oxidized artifact made 
of CG-T and the subplot (b) showing the enlargement of the 
region near the surface. 

 

4. CONCLUSIONS 
The oxidation behavior of the self-sintered and  

conventional graphite blocks was investigated by TGA  
analysis and morphology observation. All of the samples 
exhibited sigmoidal α vs t curves during isothermal 
oxidation experiments, which could be described by the 
JMAEK equation. According to the analysis results,  
CG-T tended to have a higher Avrami exponent com-
pared to the self-sintered materials, indicating CG-T had 
a higher growth dimension during the oxidation process. 
SG-12 and CG-T were further subjected to field tests and 
underwent repeated heating and cooling in a vacuum  
furnace. After the tests, the spread of oxidation in the 
SG-12 sample was limited with its cord region remaining 
intact.  However, the CG-T sample showed homogeneous 
oxidation morphology over the entire sample, which is 
quite consistent with the TGA results. 
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