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Abstract 
The properties of synthetic graphite materials, widely used in advanced fields, 
are determined by their structure, which is formed in the process of 
high-temperature (~2500˚C) heat treatment. The fine structure of a graphi-
tizing carbon material based on petroleum coke containing 1.3 wt% S at var-
ious stages of graphitization was studied by X-ray diffraction analysis. Some 
of the samples contained the addition of dispersed Fe2O3. It is shown that the 
heat-treated material in the range 1200˚C - 2600˚C is heterogeneous, its 
component composition is determined by the processing temperature and the 
presence of Fe2O3 additive. The observed dependence of the component 
composition on the heat treatment temperature suggests that the process of 
graphitization of the carbon material, apparently, develops through a number 
of metastable states.  
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1. Introduction 

Graphite materials, carbon fibers, and carbon-carbon composites are widely 
used in advanced areas that provide technical progress. The operational proper-
ties of these materials are largely determined by the crystal structure formed in 
the production process [1]-[7]. To diagnose changes in the structure of carbon 
materials at different stages of production, to study the effect of special additives, 
X-ray diffraction analysis methods are widely used to determine the degree of 
graphitization, dispersed and phase composition, and texture parameters [3] [4] 
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[5] [6] [7]. In particular, according to the data of X-ray diffraction studies (for 
example, in [7]), it was concluded that the interplanar distance decreases rather 
smoothly and the average size of the coherent scattering regions (CSR) increases 
with increasing graphitization temperature. At the same time, a number of stu-
dies have observed a stepwise change in the interplanar distance during heat 
treatment, neutron irradiation, or long-term mechanical dispersion [8]-[13]. It 
was assumed [8] [9] that metastable states with differing in the value of d002 can 
form in carbon materials. The formation of such metastable states causes the 
appearance of an asymmetry of the (002) and (004) diffraction peaks. In order to 
obtain additional information on the structural transformations of carbon ma-
terial during graphitization, the authors of [4] [9] decomposed the profiles of the 
(002) and (004) asymmetric peak into two components and calculated the 
structural parameters of the separated phases. The study of the fine structure of 
carbon fibers (CF) obtained under various conditions was carried out in [14] 
[15] [16]. It is shown that the asymmetry of diffraction peak depends on the 
conditions of CF production. Using the program Origin, the authors decom-
posed the (002), (004) and (006) asymmetric diffraction peaks into the mini-
mum number of symmetric described Gaussian or Voight functions. It turned 
out that the calculated values of the interplanar distances of the decomposition 
components are in good agreement with the data published in [8] [9]. The rela-
tionship between changes in the CF’s fine structure and the conditions of pro-
duction is traced. In this article, the method for analyzing the profile of the dif-
fraction peak, tested in [14] [15] [16], was used to analyze the fine structure of a 
graphitizing carbon material heat-treated at temperatures from 1200˚C to 
2600˚C. 

2. Experimental 

X-ray diffraction analysis was carried out using D8 ADVANCE diffractometer 
(filtered CuKα radiation, 40 kV, 40 mA). Powdered samples were scanned from 
20 to 32 in 2θ range with 0.03 degree step interval and 2 sec/step counter-time, 
from 48 to 59 in 2θ range with 0.05 degree step interval and 4 sec/step coun-
ter-time). Sample rotation speed in the plane of self-focusing is 15 rps. 

Samples of graphitizing carbon materials were made from a mixture of dis-
persed petroleum coke (sulfur content 1.3 wt%) and 25% pitch, which were 
pressed in the forms of cylinders and carbonized at 900˚C for 3 hours. Some of 
the samples contained the addition of dispersed Fe2O3 in an amount of 0.75 wt%. 
High-temperature treatment in the range 1200˚C - 2600˚C was carried out for 3 
hours, the rate of temperature rises to a predetermined was 300 degrees per 
hour. The profiles of the (002) and (004) asymmetric diffraction peaks of carbon 
materials were analyzed using Origin. For this, the experimentally obtained 
asymmetric peak was decomposed into components whose profile is described 
by the Voigt function. The minimum number of decomposition components 
was determined by the coincidence of the profile of the total peak of the compo-
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nents with the experimentally obtained peak (the coefficient of determination R2 
is within 0.9963 - 0.9998). The interplanar distance d002 and the average size of 
the CSR L002 of the selected components were calculated from the center of grav-
ity and the integral width of the peak (in the Scherrer equation, the constant k 
was taken to be 1). The quantitative ratio of the components in the studied car-
bon materials was estimated in proportion to the ratio of the peak areas of the 
decomposition components. 

3. Results and Discussion 

The profiles of the (002) and (004) diffraction peaks of the samples of the stu-
died graphitizing carbon, which heat-treated at 1200˚C - 2600˚C, are usually not 
symmetric, Figure 1, Figure 2. This may be due to the simultaneous presence of 
metastable carbon phases differing in the value of the interplanar distance. Ac-
cording to the literature [8] [9], up to six metastable states can be realized in a 
carbon material, which correspond to the values of the interplanar distance: d1

002 
= 0.335, d2

002 = 0.337, d3
002 = 0.340, d4

002 = 0.3425, d5
002 = 0.3440 and d6

002 = 
0.355/0.368 nm. Let us designate the state (components) that determine these 
values of interplanar distances, as C1, C2, ... C6. 

The profile of the (002) peak of a carbon material heat-treated at 1200˚C can 
be confidently decomposed into two components, which we denote as C5 and C6 
(d5

002~0.344 and d6
002~0.359 nm), coefficient R2 = 0.9977, Table 1. An increase in  

 

 
Figure 1. The profiles of (002) diffraction peaks of carbon material, heat-treated at 
1600˚C, 1800˚C, and 2000˚C without additive (a) and containing an additive of dispersed 
Fe2O3 (b). 
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Figure 2. Profiles of (004) diffraction peak samples of carbon material heat-treated at 
1600˚C, 1800˚C and 2000˚C without additive (a) and containing addition of dispersed 
Fe2O3 (b). 
 
Table 1. Component composition and structure parameters of the carbon material calcu-
lated from the results of the analysis of the (002) diffraction peak. 

No. Sample Temperature, ˚C Components d002, Å L002, nm Content component, % 

1 1200 
C5 3442 4 60 

C6 3586 2 40 

2 1400 
C5 3433 6 80 

C6 3571 4 20 

3 1600 
C1 3360 25 15 

C5 3431 8 85 

4 1800 

C1 3360 30 10 

C4 3426 17 60 

C5 3443 10 30 

5 2000 

C1 3360 29 10 

C4 3427 20 60 

C5 3440 18 30 

6 2200 
C2 3378 24 30 

C3 3395 21 70 

7 2400 
C2 3371 26 35 

C3 3389 20 65 

8 2600 
C2 3370 29 40 

C3 3387 20 60 
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the processing temperature to 1400˚C did not lead to a change in the component 
composition of the material, however, the sizes of CSR L002 increased to ~6 and 
~4 nm, respectively. During heat treatment at 1600˚C, rather large crystals of a 
new phase were formed in the carbon material, the interplanar distance and CSR 
sizes of which were d002~0.336 nm, L002~25 nm, the amount of C1 component 
~15%. The second component of the decomposition of the asymmetric diffrac-
tion peak corresponds to C5, the CSR size of which is L002~8 nm. 

The (002) asymmetric diffraction peak of samples No. 4 and No. 5, heat-treated 
at 1800˚C and 2000˚C, can be presented as a sum of three symmetric peaks 
(coefficient R2 in the expansion of (002) peak is 0.9997 and 0.9989, respectively). 
From the calculations given in Table 1, it follows that these samples contain 
components C1, C4 and C5. 

The asymmetry of the (002) diffraction peak is also observed in the diffraction 
patterns of the samples heat-treated at 2200˚C, 2400˚C, and 2600˚C. However, 
these peaks are confidently decomposed into only two components (the R2 coef-
ficient is 0.9978, 0.9990, and 0.9994, respectively). The interplanar distances cal-
culated from the results of the expansion of the (002) peak correspond to the 
components C2 and C3. As the processing temperature increases, an increase in 
the CSR size and the amount of the C2 component is observed. 

Figure 1(b), Figure 2(b) show the profiles of the (002) and (004) diffraction 
peaks of the samples of carbon material containing the addition of dispersed 
Fe2O3. It can be seen that the asymmetry of the peaks of the samples subjected to 
heat treatment at 1600˚C, 1800˚C, and 2000˚C is less pronounced. The results of 
the decomposition of the (002) asymmetric diffraction peak into components 
and the calculation of the parameters of the structure of metastable states are 
given in Table 2. In the presence of an addition of iron oxide, the components 
C3, C6 (R2 = 0.9970) and C4, C5 (R2 = 0.9983) are registered in the sample that 
heat treated at 1200˚C and 1400˚C, respectively. 

The component composition of the samples without and with the addition of 
Fe2O3 after heat treatment at 1600˚C and 1800˚C is the same, however, the CSR 
size and the amount of component C1 in the second case turned out to be noti-
ceably smaller, Table 2. The (002) diffraction peak of the sample heat treated at 
2000˚C decomposes into two components C3 and C4. In this case, it was not 
possible to isolate the component C1, which is confidently recorded in sample 
No. 5. Sample No. 14 turned out to be one-component, the (002) diffraction 
peak is symmetric and fairly well approximated by the Voigt function, the coef-
ficient R2 is 0.9963. 

The peak of samples No. 15 and No. 16 are confidently decomposed into two 
components (the coefficient R2 is equal to 0.9994 and 0.9996, respectively). The 
interplanar distances calculated from the results of the expansion of the peak 
correspond to the components C2 and C3. The CSR sizes formed in the carbon 
material in the presence of Fe2O3 additive at 2400˚C and 2600˚C turned out to be 
much larger than those of samples No. 7 and No. 8. 
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Table 2. Component composition and structure parameters of the carbon material con-
taining the addition of 0.75 wt% Fe2O3, calculated from the results of the analysis of the 
(002) diffraction peak. 

No. Sample Temperature, ˚C Components d002, Å L002, nm Content component, % 

9 1200 
C3 3.408 6 30 

C6 3.512 3 70 

10 1400 
C4 3.420 8 60 

C5 3.464 4 40 

11 1600 
C1 3.362 18 10 

C5 3.443 7 90 

12 1800 

C1 3.360 20 5 

C4 3.420 18 60 

C5 3.435 15 35 

13 2000 
C3 3.405 26 10 

C4 3.423 21 30 

14 2200 C3 3.394 22 100 

15 2400 
C2 3.372 35 40 

C3 3.389 24 60 

16 2600 
C2 3.372 37 40 

C3 3.388 24 60 

 
The results of the decomposition of the (004) diffraction peak of the carbon 

material into components and the calculation of the structural parameters 
mainly correlate with those described above (Table 3, Table 4). 

In some cases, multiple analysis of the profile of the (002) diffraction peak of 
the same sample received decomposition components, the center of gravity and 
integral width of which practically did not change, but the ratio of the compo-
nents differed significantly. In this case, we were guided by the choice of the de-
composition variant in which the R2 value was the highest. 

The clearly observed experimentally coexistence of the graphite phase (com-
ponent C1) and the ultradispersed carbon matrix in the material heat-treated at 
1600˚C - 1800˚C is apparently due to local stimulation of graphitization in the 
process of active desulfurization of high-sulfur coke [17]. The removed sulfur 
can form a compound based on carbon and sulfur, in the presence of which the 
local recrystallization of the carbon material develops similarly to that with the 
addition of carbide-forming additives (Fe, Gr, Ni, etc.). 

The addition of dispersed Fe2O3 had a significant effect on the change in the 
fine structure of high-sulfur carbon material during graphitization. Already at 
temperatures of 1200˚C and 1400˚C, the recrystallization of the material is acti-
vated, new components C3 and C4 appear. In the temperature range of active 
desulfurization (1600˚C - 1800˚C), apparently, the interaction of sulfur and iron 
occurs, and iron sulfide is formed [18]. This process limits the catalytic effect of  
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Table 3. Component composition and structure parameters of carbon material calculated 
from the results of the analysis of the (004) diffraction peak. 

No. Sample Temperature, ˚C Components d002, Å L002, nm 

2 1400 
C3 3.340 5 

C5 3.465 3 

3 1600 
C2 3.367 11 

C5 3.440 5 

4 1800 

C1 3.361 18 

C4 3.418 12 

C5 3.435 9 

5 2000 

C1 3.362 22 

C3 3.409 14 

C4 3.428 12 

6 2200 
C1 3.360 28 

C3 3.394 13 

7 2400 
C2 3.367 16 

C3 3.387 15 

8 2600 
C2 3.373 15 

C3 3.386 10 

 
Table 4. Component composition and structure parameters of the carbon material con-
taining the addition of 0.75 wt% Fe2O3, calculated from the results of the analysis of the 
(004) diffraction peak. 

No. Sample Temperature, ˚C Components d002, Å L002, nm 

10 1400 
C3 3.389 6 

C5 3.447 4 

11 1600 
C1 3.359 22 

C4 3.427 3 

12 1800 
C4 3.419 11 

C5 3.439 8 

13 2000 
C3 3.409 17 

C4 3.425 16 

14 2200 C3 3.397 13 

15 2400 
C2 3.378 18 

C3 3.393 13 

16 2600 
C2 3.375 20 

C3 3.391 15 
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sulfur, the amount of C1 component is significantly reduced. After heat treat-
ment at 2000˚C, the contribution of the C1 component to the profile of the (002) 
and (004) diffraction peaks could not be distinguished. It should also be noted 
that in the presence of the Fe2O3 additive, an increase in the average CSR’s size of 
the components formed in the carbon material under study at processing tem-
peratures of 2200˚C - 2600˚C is observed. 

Thus, the analysis of the profile of the (002) and (004) diffraction peaks makes 
it possible to reveal the fine structure of the carbon material at various stages of 
the transition to graphite. It is shown that during heat treatment metastable 
states can be realized in a carbon material, the interplanar distance of which is in 
good agreement with those given in [8] [9]. It should be noted that, when ana-
lyzing the profiles of the (002) and (004) diffraction peaks, formed by the CSR of 
carbon fibers [14] [15], an unambiguous decomposition into components oc-
curs. When analyzing the profiles of diffraction peaks of some samples of the 
studied graphitizing materials, as noted above, there can be several variants of 
decomposition. Apparently, this is due to the fact that the composition of the 
studied material includes high-sulfur petroleum coke and pitch coke formed 
during pitch carbonization. The graphitization processes in these carbon mate-
rials differ, which leads to the formation of a more complex profile of the (002) 
and (004) diffraction peaks. 

4. Conclusions 

The asymmetry of the (002) and (004) diffraction peaks of the carbon material at 
different stages of the transition to polycrystalline graphite is due to the super-
position of closely spaced diffraction peaks of coherent scattering regions, which 
differ in the values of d002 and L002, indicates a significant inhomogeneity of the 
material in terms of dispersed and phase composition. 

An analysis of the profile of the most intense asymmetric (002) diffraction 
peak of a carbon material makes it possible to obtain new data on its fine struc-
ture, to establish the relationship between the preparation modes and its fine 
structure.  

In the process of high-temperature processing, recrystallization of the carbon 
material develops, accompanied by the formation of metastable states, the 
structural parameters of which depend on the processing temperature. The he-
terogeneous structure suggests that the transition of the carbon material to a 
more equilibrium state, apparently, develops through a number of metastable 
states. 

The appearance at sufficiently low temperatures of the graphite phase (com-
ponents C1) in the ultradispersed carbon matrix is apparently due to the local 
stimulation of graphitization during the active desulfurization of high-sulfur 
coke. The addition of iron significantly inhibits this process. 
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