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6.5 ON THE IMPROVEMENT OF.HTGR FUEL
ELEMENTS CORROSION RESISTANCE

Chernikov A.S. and Kurbakov S.D.

State Scientific and Industrial Association LUTCH, Russia

ABSTRACT

One of the main HTGR safety factor Is the reliability of
uranium-graphite fuel elements provided on the one hand by the
manufacturing technology and quality of the used materials, and
on the other hand by the fuel element design (multistage barrier
on the path of radionuclide8 migration). Combination of this
features makes it possible to retain fission producte inside the
fuel element and to preserve the required level of mechanical,
physical, irradiation and ..other characteristics during the
operation.

At the same time various accidents (failure of coolant
circuit, failure of steam generator pipeline, unsealing of
protective cladding, etc.), including hypothetical, e.g.
ingress of large amounts of air into reactor core and reaction
of air with, fuel elements matrix graphite causing as a result
possible failure of fuel elements.

Two approaches proposed to improve fuel elements corrosion
resistance are discussed in the paper. The first one.is based on
a purification of fuel elements matrix graphite from impurities,
for. example iron being a.catalyzer of corrosion process. The
other is coating of outer surface of fuel element by protective
layers. Two types of ceramic materials are considered in the
paper for practical realization of the second approach - silicon
carbide and aluminum phosphate. Silicon carbide layer is
deposited by pyrolysls of methylthreeclorinesilane or by
carbonisation of polycarbosilanes.

The results of comparative corrosion . tests at the air
during 1 h at the temperature 1600 C are presented. It was shown
that silicon carbide coating deposited by pyrolysis of methyl-
threeclorinesilane has more corrosion resistance at the air and
are preferable for protection of fuel elements.
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Russia

ABSTRACT

The results of corrosion tests of matrix graphite based on calcinated (30PG graphite)

and non-calcinated (MPG graphite) petroleum cokes in helium containing 0.01-1 vol.%

water vapour in the temperature range 600-1200°C are presented.

The results of investigation of matrix graphite components reactivity are considered.

It is shown that the filler graphite 30PG has the minimum activity towards the water vapour.

The influence of impurities content on the oxidation rate are considered.

The results of corrosion tests of matrix graphite coated with protective layers (silicon

carbide and aluminium phosphates) in the air environment at 1600°C, 1 h, are given.

1. INTRODUCTION

One of the main HTGR safety factor is the reliability of uranium-graphite fuel

elements provided, on the one side, by the manufacture technology level and quality of raw

materials, and, on the other side, by fuel elements design (multi-layer barrier on the path of

migration of radionuclides). Combination of these factors provides fission products retention

inside the fuel element volume and the possibility to keep the required level of fuel element

mechanical, thermophysical, radiation and other characteristics.

At the same time designing of HTGR includes into consideration various accident situations

(failure of coolant circuit, of steam generator pipe line, of containment etc.) including

hypothetical, such as the possibility of water or air ingress into the core of reactor resulting in

the essential interaction with matrix graphite of fuel elements. Therefore especial attention

during the development of HTGR fuel elements (FE) is paid to the investigations of matrix

graphite corrosion in helium containing water vapours and at the air. Some results of these

investigations are considered in the p^per.
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H. EXPERIMENTAL DETAILS

Cylindrical matrix graphite specimens (D = 6 mm, L = 20 mm) used for experiments

were cut of fuel element imitator on the basis of calcinated (30PG graphite) and non-

calcinated (MPG graphite) petroleum cokes. Some characteristics of the tested specimens are

given in Table 1.

Table I.
Characteristics of matrix graphite specimens for corrosion tests

"""*—~̂___̂  Properties

Material ^~"~"--^^^

Filler

Binder

Method of ball

manufacture

Temperature of final heat

treatment, °C

Density, g/cm3

Total ash content, %

Bending strength, MPa

30PG-matrix graphite

Calcinated petroleum coke

Coal-tar pitch,20%

Compacting and sintering

1800

1,9

£0,03

24

MPG - matrix graphite

Non-calcinated petroleum coke

Coal-tar pitch, 20%

Compacting and sintering

1800

1,9

£0,03

34

Corrosion rate was measured by thermogravimetry method at TAG 24 Setaram with

automatic balance continuously recording the change of specimen mass, accuracy of

temperature stability was ±0.5 K and mass change error ± 10 jog.

Investigations of corrosion were performed in a gas mixture flow at pressure 0.12

MPa, gas flow was laminar with Reynolds numbers in the range of 0.1 - 1.0, temperature

range was 600-1200 °C, water vapour content (Cmo) was in the range of 0.01 - 1.0 vol.%.

RMS error of corrosion rate measurement was not greater than 10%.

Besides these tests the estimation of corrosion resistance of matrix graphite

specimens coated by silicon carbide or by aluminium phosphate was carried out in the air

environment at 1600 °C during 1 h.

Specimens were coated using gas-phase pyrolisis of CH3SiCl3-Hr Ar mixture at 1600

°C and by pyrolisis of solution of poh/carbosilane in toluene as well, samples of matrix

graphite on the base of non-calcinated petroleum coke were impregnated beforehand by this

solution. Specimens coated by aluminium phosphate were prepared by impregnation with
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mixture of aluminium hydroxide and phosphoric acid solution and heat treated. Thickness of

layers was in the range of 10-30 pan.

Besides the above-mentioned thermogravimetry method, the standard techniques

such as measurement of specific magnetic susceptibility (Faraday method), specific free

surface (BET-method, low-temperature krypton adsorption), pore size distribution (mercury

porometry), electrical resistivity (four point method), density (hydrostatic weighing) were

used to determine matrix graphite components reactivity as well as the influence of porous

material structure on corrosion rate.

m. RESULTS AND DISCUSSION

Typical curves of reaction rate of water vapour with matrix graphite vs. bum-off are

presented in Fig. 1. The unstationary process of oxidation in a wide range of burn-off results

in a significant inaccuracy of corrosion rate measurements. It is seems that the full

characteristic of material corrosion resistance is given perhaps by maximum value of

corrosion rate attainable due to stabilisation of reacting porous graphite layer. At the same

time this value is conservative because it is obtained at high material burn-off accompanied

by reacting layer crumbling. The conservative values of corrosion rate are given below.

Experimental curves of matrix graphite corrosion rate vs. temperature are given in Fig. 2.

The peculiar feature of the attained relationships is their two-stage character. The

experimental data were processed according to well-known macrokinetics equations

primarily derived by Ya.B.Zeldovich [1]:

W = p (Co-Cs) (1)

W H ( ( 2 / ( n + l ) ) D i K i C s ' t + 1 (2)

where W - corrosion rate, kg/mz.s;

Co - oxidant concentration (CH2O )in a volume;

Cs - oxidant concentration on the specimen surface;

P - mass transfer coefficient, p=NuD/d, where Nu-Nusselt number, D- interdiffusion

coefficient, d -specimen typical size;

Di - oxidant effective diffusion coefficient in a specimen volume (considered to be

constant);

Ki - reaction rate constant;

n - reaction order.
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Experimental data analysis in accordance with equations (I) and (2) shows that the

first range (T £ 960°C) in Fig. 3 corresponds to kinetics determined by the chemical

interaction rate. In this range the corrosion rate is satisfactorily approximated by the

equations:

W3OPQ = 5.5 x 107exp (-33600/T) x C065

= 7.2 x 106 exp (-30800^) x C0<u (3)

The second temperature range 960° < T £ 1200°C corresponds to kinetics

determined by water vapour diffusion transfer through matrix graphite pores. In this range

the corrosion rate is expressed by the equation:

W30P0 = 123.exp (-14344/DC

= 36.exp (-12530/T)C (4)

In the investigated temperature range (600-1200°C) the variation of apparent

activation energy takes place from 267 U/mole down to 115 kJ/mole for 30PG matrix

graphite and from 244 kJ/mole down to 104 kJ/mole for MPG matrix graphite.

Boundaries of corrosion mechanisms realization and corrosion rates are determined

not only by test conditions but physical and chemical properties of the initial material as well.

It is known that corrosion rate of carbon-graphite materials depends, for example, on the

graphitization degree. Thus, poorly graphitized binder coke residue is subjected to corrosion

in the first place [2]. The investigation of filler and binder reactivity of 30PG and MPG

matrix graphites was carried out. Magnetic susceptibility was chosen as a characteristic of

matrix graphite. The magnetic susceptibility is an additive value of material phase

components [3] and submits to the equation:

where J ^ . J 6 / J6> are specific magnetic susceptibility of matrix graphite, filler and

binder, respectivery;

x - coke yield from the binder.

The results shows (Table 2) that 3OPG filler graphite has a minimum reactivity

towards the water vapor.MPG phase components have approximately the same reactivity.
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As it was shown above, matrix graphite corrosion under these conditions has the

volume character. Consequently corrosion- rate of matrix graphite should depend on their

porous structure. The porous structure of these matrix graphites has bimodal pore

distribution. Both materials have approximately the same pore volume of 0.065-0.066 cm3/g

and specific free surface of 0.3-0.4 m2/g. Oxidation leads to significant changes of the

porous structure. For example, oxidation of 30PG matrix graphite specimen to 3 mass %

burn-off pore resulted in volume increase by 50%, and free surface increase by 1.5 order.

Table 2

Average values of specific magnetic susceptibility of matrix graphites and their phase

components at the temperature 20°C

Material

30PG filler graphite

MPG filler graphite

Binder coke

30PG matrix graphite

MPG matrix graphite

Specific magnetic susceptibility, GGS/g xlO*

Initial Oxidized, T=1000 °C,

Cffio=l-0vol.%

-6,1 -6,1

-5,6 -5,6

-3,6 -3,6

-5,82 -5,95

-5,4 -5,42

Increase of matrix graphite specimen porosity as a result of corrosion leads to their

mechanical strength decrease. Thus, bending tests of MPG matrix graphite specimens after

corrosion at T = 1000 °C, Cmo = 1 vol.% and burn-off of 10 mass % showed 2 time

strength decrease.

The most peculiar difference of corrosion behaviour of tested materials is the

oxidation isotropy of MPG matrix graphite and the oxidation anisotropy of 30PG matrix

graphite. 30PG matrix graphite in the initial state is an anisotropy material that is follow from

the electrical resistivity of specimens cut of the spherical fuel element imitator parallel and

perpendicular to the compacting directions (Table 3). Corrosion test results showed that the

specimens cut out in the parallel direction were oxidized more actively and the corrosion

rates relationships were approximately proportional to the degree of anisotropy. One can also

observe the interconnection of corrosion rate with density and specific volume of pores in

specimen (Table 3). When specimen density increases from 1.80 g/cm3 up to 1.90 g/cm3 and
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related pore volume decreases, the corrosion rate of 30PG matrix graphite decreases by a

factor of 1.5.

Table 3

The results of corrosion tests of 30PG matrix graphite specimens (T = 1000°C, CH,O=1

vol. %, 10 h) in parallel and perpendicular to the compacting directions

Density,

g/cm3

1,80

1,88

1,90

Electric

resistivity,

p.ohm.cm

initial

1820

1480

1500

1250

1510

1200

oxidized

2690

2070

1870

1470

1920

1450

Specific

surface, m2/g

initial

0,29

0,29

0,44

0,32

0,4

0,4

oxidized

3,55

3,36

2,93

2,28

3,15

2,1

Specific pore

volulme, cm3/g

initial

0,099

0,096

0,075

0,068

0,066

0,064

oxidized

0,155

0,143

0,101

0,097

0,096

0,089

Cutting

direction

1

II
-L

1
±

Corrosion rate,

g/cm2 h x 103

3,76

3,26

2,47

2,1

2,3

1,9

Impurities content essentially influences on corrosion resistance of matrix graphite.

Impurities content in graphite is characterized by such parameter as ash residue. According

to the data of X-ray spectral analysis the iron constitutes the main mass of the ash residue of

MPG matrix graphite (1x10° - 5x10° mass %). The analysis of the up-to-date results makes it

possible to obtain partial dependencies of corrosion rate on iron and ash contents at the

constant volume of the open porosity (~ 0.066 cm3/g). The dependencies of corrosion rate

on iron content at the constant ash content (0.03 mass %) and on ash content are given in

Fig. 3. The corrosion rate increases with the increase of iron content and ash residue.

The testing at 1600 CC of specimens coated by silicon carbide and aluminium

phosphate protective layers at the air showed different results. The best ones were obtained

for specimens with silicon carbide coating deposited by gas phase pyrolisis and with

thickness 30 )jm. They had no defects, no mass changes, but thin (1 |jm) film of silicon

oxide was appeared. Specimens coated by silicon carbide prepared by pyrolisis of

porycarbosilane had single defects - crack and chipping.
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After testing of specimens with aluminium phosphate coating white spots were

observed consisting of AI2Q3 as it was analysed. Matrix graphite bum-off took place near

such spots in some specimens .

IV. CONCLUSION

Summarizing the results of the corrosion tests of matrix graphite on the base of 30PG

and MPG graphite fillers one can note the following:

• in the tested ranges of temperature and water vapour concentrations in helium and

pressure 0.12 MPa corrosion has a volumetric character,

• corrosion resistance of 30PG matrix graphite is higher than that of MPG but this

difference decreases with test temperature increase;

• corrosion of 30PG matrix graphite is accompanied by a primary burn-off of the coke-

binder, has anisotropy character, whereas the same characteristic of MPG matrix graphite

has isotropic and non-selective character;

• the corrosion rate of matrix graphite increases with increase of metallic impurities, in

particular, iron;

• the corrosion resistance of matrix graphite with protective coating at the air at 1600 °C

increases in the following order:

nAl2O3mP2Os > SiCpoiyĉ ostoe > SiC „, piusc (CH3SiCl3)
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The list of figure captions

Fig. 1. Dependence of a corrosion rate of matrix graphites on burn-off (T=1000°C,

CBM=1VO1.%)

1 - MPG matrix graphite;

2 - 30PG matrix graphite

Fig.2. Dependence of a corrosion rate of matrix graphites on temperature:

a - 30PG matrix graphite; b - MPG matrix graphite;

1 - 1 vol.% H20; 2 - 0.08 vol.% H2O;

3 - 0.04 vol.% H2O; 4 - 0.02 vol.% H2O;

Fig. 3. Dependence of a corrosion rate of MPG matrix graphite on impurities

content:

1 - iron concentration (ash content ~ 0.03 mass %)

2 - ash content
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Fig. 1. Dependence of a corrosion rate of matrix graphite on bum-off

(T=1000°C, CH2O=1VO1. %)

1 - MPG matrix graphite;

2 - 30PG matrix graphite
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Fig.2. Dependence of a corrosion rate of matrix graphites on temperature:
a - 30PG matrix graphite; b - MPG matrix graphite; 1 - 1 vol. % H20; 2 -0.08 vol. % H2O; 3

- 0.04 vol. % H2O; 4-0.02 vol. % H2O;
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Fig. 3. Dependence of a corrosion rate of MPG matrix graphite on impurities

content:

1 - iron concentration (ash content ~ 0.03 mass %)

2 - ash content
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