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Abstract – The microstructure and hardness differences between paralle and 
perpendicular cross-sections of a matrix graphite material for High Temperature 
Gas Cooled Reactor (HTGR) fuel was investigated using micro-Vickers indentation 
and a microstructure observation. A mixture of 64% natural graphite, 16% artificial 
graphite, and 20% phenolic resin, which is the so-called A3-3 matrix graphite, was 
used to prepare various compact samples. The cross-section parallel to the pressing 
direction shows the alignment of synthetic graphite grains which is not observed in 
a perpendicular cross-section. The perpendicular cross-section reveals the 
formation of micro-pores during the carbonization and annealing processes owing 
to the gaseous phases formed from the phenolic resin reaction. The hardness value 
measured on the parallel cross-section of the matrix graphite is higher than that of 
the perpendicular cross-section owing to the formation of micro-poros. While the 
Vickers hardness measurement results showed an average of 176.6±10.5MPa in 
parallel cross-sections, the average of 125.6±14.2MPa was obtained for the 
perpendicular cross-sections.  

 
I. INTRODUCTION 

 
Graphite material is utilized as an HTGR fuel 

matrix owing to its exellent properties such as high 
melting point, low neutron cross section, good 
thermal shock resistance, and exellent thermal 
conductivity. Note that graphite material was 
extensively tested and proved to satisfy all HTGR 
operating requirements and retain fission product up 
to 1600oC for several hundred hours [1]. A number 
of TRISO particles, tri-coated UO2 kernels with 
inner PyC, SiC, and outer PyC layers, are 
incorporated into the graphite matrix to fabricate a 
cylindrical fuel compact utilized in HTGR.  

A mixture of 64% natural graphite, 16% synthetic 
graphite, and 20% phenol resin is called A3-3 
graphite  and commonly used as the graphite matrix  
of HTGR fuel. The irradiation and oxidation 
behavior of an A3-3 graphite matrix has been 
extensively studied [2-6]. Since the graphite matrix 
retains fissile materials, the understanding of its 
structure and mechanical properties is crucial to 

maintain excellent fuel performance and prevent the 
exposure of fission products throughout different 
power cycles. To date, however, literature on the 
structural and mechanical properties of a graphite 
matrix for HTGR is limited.  

In this study, A3-3 graphite matrix compacts 
without TRISO particles are prepared using various 
conditions during the compact pressing, and different 
carbonization temperatures. Not only are their 
properties compared, this study also pays particular 
attention to the difference in the microstructure and 
mechanical properties of a graphite matrix according 
to its anisotropic orientation. To investigate the 
modification of the microstructure throughout the 
manufacturing processes, Scanning Electro 
Microscopy (SEM) was performed. The hardness of 
the fabricated graphite matrix was also measured 
based on the micro and nano indentations.   
 

II. EXPERIMENTAL 
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The fabrication procedure of an A3-3 graphite 
matrix compact sample was described in detail in our 
previous research [7], and thus, only a brief 
description is provided here. The steps for the 
fabrication of  a graphite matrix compact are as 
follows:   
 preparation of resinated matrix graphite (MG) 
powder 
  pressing of MG powder 
  carbonizatin and anealing heat treatments  
 

II.A. Materials 
 

The natural graphite and synthetic graphite 
powders were obtained from Graphit Kropfmuhl AG 
and SGL, Germany, respectively. The powders were 
reported to have surface areas of 4.8 and 1.15 m2/g, 
respectively. Fig. 1 shows SEM images of as 
received natural and synthetic graphite powders. 
While a natural graphite particle consists of small 
equiaxed grains, long columnar grains are composed 
of a synthetic graphite particle. Their average 
particle sizes and distributions were analyzed in [7]. 

 
II.B. Preparation of resinated MG powder 

 
A Turbula® shaker mixer was utilized to mix 

natural graphite and synthetic graphite powders for 2 
h. The binder solution was prepared by dessolving 
solid phenol pieces in CH3OH. The mixture of 
graphite powders and the binder solution was then 
kneaded using a laboratory kneader for 30mins. The 
weight of natrual, synthetic graphites, and phenolic 
resin in the final mixture was at a ratio of 16: 4: 5, 
respectively.  
The forced sieving of the kneaded mixture through a 
2 mm mesh sieve was performed followed by drying 
the binder solvent, CH3OH, in a 100oC oven for 15 h 
in a N2 atmosphere. The dried matrix graphite cake 
was milled in an attrition mill with a paddle at 280 
rpm for 8 h into MG powder. 

 
II.C. Pressing of MG powder 

 
The uniaxial pressing was performed using stain-

steel die for 1.5 mins. Two different pressures (1.0 
and 2.0 tonne/cm2) and temperatures (room 
temperature and 100oC)  were utilized during the 
pressing of the MG powder as shown in Table 1.  

 
II.D. Carbonization and annealing of pressed MG 
compacts 

 
Pressed MG compacts were heat treated twice 

successively. First, carbonization was performed at 
two different temperatures (800oC and 900oC) in a 
N2 atmosphere chamber furnace for 2 h to carbonize 
the admixed phenolic resin binder in an MG compact 

for higher compact strength. The ramp up and down 
rates were set at 3.23 and 1.29oC/min, respectively. 
Second, carbonized MG compacts were annealed at 
1800oC under a vacuum for 2 h to eliminate 
impurities. The ramp up and down rates were set at 
5.92 and 7.4oC/min, respectively. The process 
variables and final density of the fabricated MG 
compacts are shown in Table 1.  

 
 

 
Fig. 1. SEM morphologies of (a) naural and (b) 
synthetic graphite powders. 
 
 
Table 1. Details of fabricated MG compacts 
including pressure, pressing temperature, 
carbonization temperature, and average density. 

 

MG 
compac

t No. 

Pressure 
(tonne) 

Pressing 
temperature 

(oC) 

Carbonization
n temperature 

(oC) 

Average 
density 
(g/cm3) 

1 1 R 800 1.6 
2 2 R 800 1.71 
3 1 R 900 1.61 
4 2 R 900 1.71 
5 1 100 800 1.76 
6 2 100 800 1.76 
7 1 100 900 1.72 
8 2 100 900 1.76 
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II.E. Characterization methods 
 

The density of MG compacts was calculated by 
measuring the volume and weight of compacts. This 
calculation was practicable because compacts had 
nearly perfect cylindrical shape. The dimension and 
weight of compact was measured three times to 
calculate the average density. 

Mechanical polishing was conducted for 
microstructure observation with successively smaller 
grit SiC abrasive papers of up to 2.5 µm. Some 
polished MG compacts were chemical etched with a  
25%H2SO4-5%K2Cr2O7 aqueous solution for 95 s 
as described in Neproshin et al. [8] to separate the 
synthetic graphite grains from the natural graphite 
matrix.  

Microstructural observations of the pressed, 
carbonized, and annealed MG compacts were carried 
out to investigate the modification of the compact 
structure during each process step. Moreover, the 
microstructure of the perpendicular and parallel 
cross sections to the pressing direction of each 
compact was examined to investigate the formation 
of porosity and the alignment of the graphite grains. 
Fig. 2a shows a schematic of a MG compact with an 
indication of the pressing direction, and parallel and 
perpendicular cross sections. SEM images of the 
parallel and perpendicular cross sections are shawn 
in Fig. 2(b and c), respectively. The parallel and 
perpendicular cross sections are designated as H- 
and V-sections, respectively, because the sections are 
seen from the horizontal (H) and vertical (V) 
directions.  
 Raman spectra of natural and synthetic graphites, 
and carbonized phenolic resin in a MG compact 
were obtained by the LabRAM ARAMIS from 
Horiba Jobin Yvon technology, France, using the Ar 
ion 514.5nm laser in the wavenumber range of 1200-
1750 cm-1. The spectra were recorded in optical 
microimages (a magnification of x1000) with an 
Olympus microscope attached to the LabRAM 
ARAMIS showing MG components.  
 The hardness of the MG compacts was measured 
by a micro-Vickers hardness tester (HM-122, 
Mitutoyo). The hardness measurement was 
conducted with an applied load of 300g for a dwell 
time of 10 s. At least 5 measurements were 
performed at each indentation with different 
locations, and the average hardness values and 
standard deviations were obtained.  

 
Fig. 2. (a) Schemetic of MG sample indicating (H) 
parallel and (V) perpendicular cross sections to the 
pressing direction, and (b), (c) SEM images of both 
cross sections.  

 
III. RESULTS AND DISCUSSION 

 
III.A. Microscopic observation 

 
Fig. 3. shows the microstructures of pressed, 

carbonized, and annealed MG compacts (compact 
No. 5 in Table 1). SEM images were taken for only 
the H-section of each compact, see Fig. 2. Bright and 
dark areas refer to the mixture of natural and 
synthetic graphites, and phenolic resin, respectively. 
Note that phenolic resins appear between graphite 
grains in the pressed MG sample, as shown in Fig. 
3b. Conversely, natural graphite and synthetic 
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graphites are not distingishable. The total area of 
phenolic resin is decreased after carbonization, as 
shown in Fig. 3d. The observation of annealed MG 
compact (Fig. 3f) indicates that the additional 
reduction of phenolic resin area takes place during 
the annealing process. Phenolic resins are carbonized 
and impurities in phenolic resins are removed during 
the carbonization and annealing processes, 
respectivley, so that their composition turns out to be 
similar to that of the graphite. Fig. 3(a, b, and c) 
indicate the alignment of the graphite in certain 
directions. Because the micro-morphology of 
synthetic graphites is a columnar type grain (see Fig. 
1b), they tend to orient perpendicularly to the 
pressing direction when pressed. Therefore, the 
alignment of graphite toward the radial direction is 
always observed in the H-sections. It is necessary to 
distinguish the synthetic and natural graphite grains 
to investigate the orientation of synthetic graphites in 
detail. Therefore, the chemical etching of the 
annealed MG compact (Fig. 3(e and f)) with a 
25%H2SO4-5%K2Cr2O7 aqueous solution for 95 s 
was performed for the separation.  

Fig. 4 shows the microstructure of a chemically 
etched annealed MG compact clearly showing the 
orientation of columnar grains of synthetic graphite. 
Natural graphites are etched out in advance of 
synthetic graphites owing to the higher surface 
energy caused by smaller grain sizes than those of 
synthetic graphites (see Fig. 1). Therefore, synthetic 
graphite grains are protruded from the natural 
graphite matrix as shown in Fig. 4(a and b). Some 
synthetic graphite grains are pulled out and only 
grain absenses are shown as in Fig. 4b.  

V-section microstructures in the same conditions 
are shown in Fig. 5. In contrast with H-sections (Fig. 
3), the orientation of graphite grains is not observed. 
In light of the fact that these sections are 
perpendicular to the pressing direction, only 
randomly oriented synthetic graphite grains are 
observed. On the other hand, the SEM image of 
carbonized compact (Fig. 5b) reveals micro-pores. 
This level of porosity is increased after the annealing 
process as shown in Fig. 5c. Trick and Saliba [9] 
studied the reaction mechanism of phenolic resin in a 
carbon/phenolic composite during the carbonization 
heat treatment. They detected various gaseous phases 
such as H2, CO, CO2, CH4, and C2H6 produced 
during the process. The gaseous phases from the 
curing of phenolic resin evaporate to the upper 
direction and probably form more pores in the upper 
part of the compact. Therefore, as shown in Fig. 2a, 
while the entire V-section from the upper part of 
compact clearly show the porosity, only limited part 
of H-section possibly exhibit the porosity.  

 

 
Fig. 3. H-section SEM images of (a), (b) as pressed 
MG, (c), (d) pressed and carbonized MG, and (e), (f) 
pressed, carbonized, and annealed MG samples.  

 

 
Fig. 4. SEM images of a chemically etched annealed 
MG sample. 
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Fig. 5. V-section SEM images of (a) as pressed MG, 
(b) pressed and carbonized MG, and (c) pressed, 
carbonized, and annealed MG compacts.  
 

III.B. Raman spectroscopy 
 

The Raman spectra of a carbonized MG compact 
reveal two distinct peaks as shown in Fig. 6. While 
the structural order of graphite causes a ‘G’ band 
located at approximately 1350 cm-1, a disorder 
induced peak, i.e., a ‘D’ band, is found at 
approximately 1580 cm-1. The intensity ratio of ‘D’ 
to ‘G’ peaks provide the degree of structure ordering 
in carbon materials [10]. For example, the Raman 

spectra of pure crystalline graphite show a very low 
intensity D-peak. This peak increases with the degree 
of structural disorder increasing the intensity ratio. 
The estimated intensity ratios of synthetic graphite, 
natural graphite, and phenolic resin in Fig. 6 are 0.43, 
0.62, and 0.95, respectively. Therefore, while the 
synthetic graphite possesses the most ordered 
graphite structure, the highest degree of disorder is 
observed in carbonized phenolic resin.  

 

 
Fig. 6. The Raman spectra of phenolic resin, natural 
graphite, and synthetic graphite in a carbonized MG 
compact. 

 
III.C. Density and Hardness 

 
While the measured density of MG compacts is 

listed in Table 1, the Vickers hardness in H- and V-
sections of the MG compacts is shown in Fig. 7. 
With increasing temperature and pressure during the 
compact pressing process, the measured density 
increases, as shown in Table 1. The increase varies 
with different compact in the range of 0-10%. 
However, this density increase does not have a 
significant influence on the Vickers hardness in the 
range of density result, see Fig. 7. Regardless of 
different manufacture variables such as mechanical 
pressure, pressing temperature, and carbonization 
temperature, average hardness values of H- and V-
sections of samples are 176.6±10.5MPa and 
125.6±14.2MPa, respectively. Note that the hardness 
value in the H-sections is higher than that of V-
sections for all compacts. If the porosity observed 
only in the V-sections was under the indentation 
measurement, it would enhance the injection of the 
indentation tip. The micro-indentation mark is large 
enough to contain a number of pores as shown in Fig. 
8, inducing a larger indentation mark and decreasing 
hardness value.  
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Fig. 7. Hardness values of MG samples measured by 
micro-indenter.   
 
 

 
Fig. 8. A selective micro-indentation mark of MG 
compact #5.  

 
VI. SUMMARY 

 
It has been shown that MG compacts for HTGR 

fuel exhibit different microstructure and mechanical 
properties according to their orientation. While the 
cross-section parallel to the pressing direction shows 
an alignment of columnar synthetic graphite grains, 
this alignment is not observed in the perpendicular 
cross-section. Meanwhile, the microstructure 
observation also show that micro-pores are formed 
only in the perpendicular cross-section during 
carbonization and annealing heat treatments due to 
the formation of gas phases from the phenolic resin 
reaction. The area of phenolic resin disappears with 
carbonization and annealing processes due to the 
carbonization of phenolic resin and removal of 
impurities. Raman spectroscopy reveals the degree 
of structural disorder following the order of: 
synthetic graphite < natural graphite < phenolic resin. 
In conclusion, because of the porosity observed only 
in the perpendicular cross-section, the measured 
hardness of the parallel cross-sections is higher than 
that of the perpendicular cross-sections.  
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