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Abstract. Studying the properties of graphite recovered from operating nuclear reactors is vital for
predicting the properties and integrity of graphite as part of assessing the continued operation and life extension
of nuclear reactors. The purpose of the study is to determine the electrical conductivity and thermal conductivity
of low-ash medium-grained graphite’s grade graphite in the thermal column masonry of the VVR-SM research
reactor in the measurement temperature range corresponding to the conditions of normal operation of the reactor
to determine the service life. In this work, the change in thermal conductivity and electrical conductivity of GMZ
graphite was studied, as well as for comparison of Hanford grade graphite depending on the fluence of fast
neutrons and the measurement temperature. The dependence of electrical conductivity and thermal conductivity
on dose and temperature has been established. It has been shown that the greater the neutron fluence, the more
both the thermal conductivity and electrical conductivity of the material decreases. The service life of the thermal
column has been determined.

Keywords: thermal conductivity, electrical conductivity, low-ash medium-grained graphite’s, “Hanford” grade
graphite, fast neutrons, fluence, dose.

1. Introduction

The development of nuclear technology is moving in the direction of increasing energy and heat
intensity, the intensity of radiation exposure on individual structural elements of nuclear reactors, which puts
forward increased demands on the materials used. Especially for high-temperature gas-cooled reactors
(HTGR) and thermonuclear reactors (TNR). Among others, carbon-graphite materials are increasingly used
in nuclear technology, not only as a masonry material, but also for structural elements. For example, for
claddings and matrices of spherical fuel elements, coatings of microfuel elements in HTGR, screens in
nuclear reactors, etc. Naturally, depending on the operating conditions (neutron fluence, irradiation intensity
and temperature), the requirements for materials for these installations differ significantly from the usual
requirements for nuclear graphite [1].

The works [2-7] investigated the properties of graphite materials for a high-temperature gas-cooled
reactor, such as the electronic structure and properties of composites based on the carbon isotope, the
durability of reactor graphites, and the thermal conductivity of graphite. Natural carbon has two stable
isotopes - '*C (98.892%) and "*C (1.108%). There are also four radioactive isotopes ('°C, ''C, '*C and "°C),
of which only the '*C isotope is long-lived with a half-life of 5730 years. The neutron absorption cross
sections in the reaction with carbon nuclei are less than 4.5 microbarns for high-purity graphite [8]. Most of
the collisions of neutrons with carbon nuclei in this case occur via the elastic scattering mechanism. The
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latter circumstance determined the effective use of graphite as a moderator. In particular, for a nuclear
reactor operating on enriched uranium, graphite, as a moderator, is second in efficiency to beryllium and
heavy water. In this case, high-purity graphite is used, where the total impurity content does not exceed
1x107%.

Graphite serves as a key material for heat dissipation in electronic devices and nuclear engineering due
to its remarkable thermal properties [1]. Thermal expansion and conductivity of graphite have always been
the main scientific parameters in the field of carbon materials. Therefore, great attention is paid to theoretical
and experimental research in this area. It is known that neutron irradiation noticeably reduces the electrical
and thermal conductivity of graphite materials [9]. When nuclear graphite is annealed, Wigner energy is
released [10]. The thermal conductivity values of individual grades of graphite vary greatly from each other,
this is the result of different production processes leading to differences in the microstructure of the final
product [11].

Studying the properties of graphite recovered from operating nuclear reactors is vital for predicting the
properties and integrity of graphite as part of assessing continued operation and life extension of a nuclear
plant [12]. Reactors have limited space available for monitoring structural materials, so size-constrained
samples require reliable and efficient measurement methods.

2. Materials and experimental methods

Graphite samples taken from the “residual” graphite stockpile from the construction of the B reactor in the
1940s (the first graphite reactor at the Hanford site) were prepared and represent first-generation nuclear reactor
graphite. Samples of “Hanford” grade graphite, representing a cylinder with a diameter d=@12 mm and a height
h=19 mm, weighing 4.79 g, from which samples for irradiation with a diameter d=@12 mm and a height
h=3.4 mm, weighing 0.6 g were prepared.
Samples of GMZ (low-ash medium-grained graphite’s) grade graphite with a diameter d=¢16 mm and a
height h=3.64 mm, weighing 1.3 g, as well as a prism type, a=8.18 mm, b=7.95 mm, L=59.1 mm, m=6.3 g
were prepared. GMZ grade graphite is characterized by high density (>1.8 kg/m®) and electrical conductivity,
low porosity (7%) and gas permeability. It is heat- and wear-resistant, chemically inert. Graphite hardness —
52 Shore, ash content <0.1%, grain size <10 microns.
The samples were placed in the vertical channels of the VVR-SM research reactor of the Institute of
Nuclear Physics of Academy of Sciences, Republic of Uzbekistan (INP AS RU) with a modified loading
scheme at 10 MW power for irradiation with fast neutrons. Vertical channels 1-5 and 1-3 were used in the
reactor core, where the fast neutron flux density (E,>0.8 MeV) in the channels was 1.19x10" n/(cm”xs) and
9.72x10" n/(cm’xs), respectively.
The temperature in the channel was maintained at about 318 K. The heat released due to radiation heating
was removed by circulating primary circuit water at a volumetric rate of 1250 m’/hour. Measurements of the
thermal conductivity coefficient in the original samples and those irradiated with various doses were carried out
using the dynamic calorimeter method on an IT-A-400 installation in the temperature range from 290 K to
490 K.
The value of the thermal conductivity coefficient was calculated from the results of measuring the
thickness, cross-sectional area of disk samples and the temperature difference in the sample and the heat meter,
using the relationship [13,14]:
A=K, 2. o , (1)

n, S(l+o.)
where n, and ny are, respectively, the temperature differential in the heat-meter rod and the sample,
respectively; h and S are, respectively, the height and area of the transverse cross section of the sample; K7 is

the thermal conductivity of the heat-meter rod; and o is the correction for the specific heat of the sample.

A chemically pure copper sample was used as a thermal conductivity standard when determining the
thermal conductivity of the heat meter K. The above formula did not take into account the influence of the
specific contact thermal resistance P;, the relative contribution of which to the total thermal resistance of the
sample and the heat meter rod is negligibly small. The thermal conductivity coefficient was determined with
an error of no more than 10%.
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The electrical resistance of graphite samples was measured using a four-probe compensation method at
a current of 1 mA [15,16] in the temperature range from 290 K to 490 K. Electrical resistivity p was

determined from the relation:
__ U-SRet 5
p = LU ()
where U and U,, are the voltage drop across the measured and reference samples, R,, is the resistance of the
reference coil, equal to 0.01 Ohm, S and L are the cross section and length of the sample, respectively.

Electrical conductivity coefficients were determined with an error of no more than 10%.

3. Results of experiments and calculations

Solid (piece) and powder of the GMZ grade graphite were prepared to determine the impurity
composition of the sample. Figure 1 shows an electronic image of the GMZ grade graphite surface and its
elemental composition using an EVO MA10 scanning electron microscope.

Table 1 shows the percentage of impurities of GMZ grade graphite obtained using an EVO MA10
scanning electron microscope.
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a) graphite surface image b) elemental composition of GMZ grade graphite
Fig. 1. Electronic image of the GMZ grade graphite surface and elemental composition.

Table 1. Content of impurities of GMZ grade graphite

Element Type of line Conditional Weight, % Accuracy Weight, % | Standard name
concentration
C K series 2.41 98.39 0.25 C Vit
0 K series 0.02 1.51 0.24 SiO,
Si K series 0.00 0.11 0.05 SiO,
Sum: 100.00

Figure 1 shows areas with different contrasts, which indicate the presence of impurity elements such as
oxygen and silicon and others in the graphite matrix. To test the assumption, the content of impurity
elements in the samples was determined using the technique of instrumental neutron activation analysis of
elements. The content of impurity elements in the samples was determined.

To measure the samples, a gamma spectrometer with a GC-1820 semiconductor detector and an
InSpector-2000 multichannel analyzer with Genie-2000 software (CANBERRA USA) was used. To
calculate the concentration of impurity elements, IAEA standards with certified contents of elements in soil
and bottom sediments were used. Table 2 shows the results of determining the content of impurity elements
in the GMZ grade of graphite, obtained by instrumental neutron activation analysis.
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Table 2. Content of impurity elements in GMZ grade graphite.

Element | Concentration, C £+ Concentration, C + Element | Concentration, C + Concentration, C +
AC, ppm (ng/g) AC, ppm (ng/g)) AC, ppm (ng/g) AC, ppm (ng/g)
Graphite piece Graphite powder Graphite piece Graphite powder
As (2.96 +£ 0.09) E-02 (1.24 £ 0.07) E-01 Nd (7.52 +0.83) E-01 (1.26 £ 0.23)
Ba (7.48 £ 0.60) (1.50 £ 0.27) E+01 Ni (8.60 £ 1.03) E-01 (2.73 £0.63)
Br (4.16 £ 0.40) E-02 (3.65+0.13) E-01 Rb (5.33 £ 0.69) E-02 (3.88+£0.39) E-01
Ce (1.59+£0.13) (2.33£0.19) Sb (8.90+0.71) E-03 (1.02 + 0.09) E-01
Co (1.79 £ 0.20) E-02 (1.69 £ 0.19) E-01 Sc (2.83+£0.11) E-01 (4.12+0.16) E-01
Cr (8.28 £ 0.75) E-02 (5.40 £ 0.38) Se (3.96 £ 0.59) E-03 (2.10+0.76) E-02
Cs (8.25+1.32) E-03 (2.25+0.36) E-02 Sm (7.53 £ 0.45) E-02 (1.48 £0.10) E-01
Eu (1.42+0.12) E-02 (2.01+£0.17) E-02 Sr (3.10 £ 0.43) (5.10+£0.72)
Fe (5.30+£0.27) E-04 (4.51+£0.17) E-02 Ta (2.14+ 0.30) E-03 (5.76 £ 0.98) E-03
Hf (8.23 £1.25) E-03 (2.35+£0.53) E-02 Tb (2.60 £ 0.26) E-02 (4.03 +£0.13) E-02
K (9.69 £ 1.98) (6.51 +1.33) E+01 Th (2.92 +0.23) E-02 (5.55+0.78) E-02
La (7.79 £ 0.62) E-01 (1.23+0.10) U (5.71 £ 0.79) E-02 (1.22+0.11) E-01
Lu (1.31+0.09) E-02 (2.36 £ 0.33) E-02 W (3.60 £ 0.40) E-02 (9.17+£0.73) E-01
Mn (1.66 + 0.22) E-01 (5.14+£0.41) Yb (7.92 + 0.46) E-03 (1.78 £ 0.24) E-02
Mo (1.56 £ 0.14) E-01 (4.18 £ 0.67) E-01 Zn (5.79 £ 0.87) E-01 (1.02 £ 0.15) E+01
Na (2.39+£0.25) (3.19+£0.21) E+01

Figure 2 shows electron images of the “Hanford” grade graphite surface and its elemental composition
using an EVO MA10 scanning electron microscope.
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Fig. 2. Electron image of the “Hanford” grade graphite surface and its elemental composition.

Table 3 shows the percentages of impurities in “Hanford” grade graphite obtained using an EVO MA10

scanning electron microscope.
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Table 3. Impurity content in “Hanford” grade graphite.

Element Type of line Conditional Weight, % Accuracy Weight, % Standard name
concentration
C K series 3.75 98.32 0.29 C Vit
0] K series 0.03 1.68 0.29 SiO,
Sum: 100.00

The content of impurity elements in the samples was determined using the technique of instrumental
neutron activation analysis of elements. We used a CANBERRA semiconductor gamma spectrometer with
Genie-2000 software, an AB204-S/FACT Mettler Toledo analytical balance, and a VM5101 VESTA
laboratory balance to measure the samples. IAEA standards with certified contents of elements in soil and
bottom sediments were also used. Table 4 shows the results of determining the content of impurity elements
in the “Hanford” grade graphite.

Table 4. Content of impurity elements in the “Hanford” grade graphite (1 ppm = 1 pg/g)

“Hanford” grade graphite (KSO/CSO)

Concentration, ppm
Element Minimal Maximal

Al 0.3 0.5
B 2.8 3
Ba 2.6 2.6
Ca 135 210
Cr 0.3 1.1
Cu 0.2 0.6
Fe 2.8 5.6
Li 0.2 0.3
Ni 0.3 2.5
S 31 33
Si 1.3 6
Sr 3.1 4
Ti 7.5 8.2
\% 11 12
Zn 5.4 160

Table 5 shows the results of the electrical conductivity measurements of GMZ grade graphite, non-
irradiated and irradiated with a neutron fluence of 1.59x10" n/cm?, depending on temperature.

Table 5. Electrical conductivity of GMZ grade graphite, non-irradiated and irradiated with a neutron fluence of
1.59x10" n/cm’®, depending on temperature.

K Non-irradiated p, Ohmxm Irradiated p, Ohmxm

298 11.4-10° 31.7-10°
323 11.2:10° 31.5:10°
348 11-10° 31.3:10°
373 10.8-10° 31-10°

398 10.7-10° 30.6:10°
423 10.5-10° 30.1-10°
448 10.3:10° 29.7-10°
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Figures 3 and 4 show the results of the thermal conductivity measurements of GMZ and “Hanford”
grade graphite’s irradiated with a fluence of 3.17x10" n/cm”, depending on the sample temperature. The
temperature dependence of the graphite thermal conductivity should be determined by the dependence of
carrier mobility on temperature. The periodicity of the crystal lattice potential in the samples, disrupted by
thermal vibrations, is additionally disrupted by randomly distributed impurity atoms. This leads to additional
scattering of charge carriers and a decrease in their mobility. As a result, the thermal conductivity of
graphite, depending on the neutron fluence, decreases. As can be seen from Figure 3, at a temperature of

298 K, the thermal conductivity of GMZ grade graphite with a 3.17x10" n/cm” neutron fluence decreases by
about 22% relative to the non-irradiated sample.
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Fig.3. Thermal conductivity A(T) of GMZ grade graphite samples before and after irradiation with 3.17x10" n/cm?
neutrons fluence, depending on the sample temperature. 1 — non-irradiated sample; 2 - irradiated sample.
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Fig. 4. Dependence of thermal conductivity A(T) of “Hanford” grade graphite samples before and after irradiation with
3.19x10" n/cm? neutrons fluence, depending on the sample temperature. 1 — Non-irradiated sample; 2 - irradiated
sample.

Figure 4 shows that the thermal conductivity of “Hanford” grade graphite at a temperature of 298 K
with a 3.17x10" n/cm” neutron fluence decreases by about 20%, relative to the non-irradiated sample. In this
case, a decrease in thermal conductivity was observed depending on the temperature of the sample in the
range from 298 K to 423 K. The resistivity value of GMZ grade graphite at room temperature before
irradiation was 1.14x107 Ohmxm. The resistivity value of GMZ grade graphite as a result of irradiation
increased by 2.78 times and amounted to 3.17x107 Ohmxm. The increase in resistivity is due to the
formation of defects as a result of irradiation of samples with fast neutrons in the VVR-SM reactor core.
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In this case, a decrease in resistivity was observed depending on the increase in sample temperature in
the range from 298 K to 423 K. This is due to an increase in the mobility of charge carriers with increasing
temperature. An increase in resistivity, as well as a decrease in thermal conductivity of G347A graphite at
high fluence, was also noted in the work [17].

4. Conclusion

Thus, the analysis of the obtained experimental results made it possible to establish that the electrical
and thermal conductivity of graphite varies with both temperature and irradiation dose. In this case, with
increasing neutron fluence, the deviation from the linear dependence and, accordingly, the rate of decrease in
the electrical and thermal conductivity of graphite decreases with temperature. It is known that at low
fluences (<10' n/cm®), the electrical and thermal conductivity of graphite increases due to radiation
annealing. At high doses of radiation, the accumulation of radiation defects, vacancies and their small
complexes occurs, due to this the electrical and thermal conductivity of graphite decreases. Fluence >10*
n/cm’ is the critical fluence of neutrons, which begins to graphite swelling, thermal conductivity decreases
tens of times.
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