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ABSTRACT 

The oxidation kinetics of various types of boron carbides (pellets, powder) as well as 
the degradation of B4C control rod segments were investigated in the temperature range 
between 800 and 1600 °C. Mass spectrometric gas analysis was used to determine oxidation 
rates in transient and isothermal tests.  

The oxidation kinetics of boron carbide are determined by the formation of a liquid 
boron oxide layer and its loss due to the reaction with surplus steam to form volatile boric 
acids and at temperatures above 1500 °C by direct evaporation. Under these test conditions 
linear oxidation kinetics are established soon after oxidation has initiated. The oxidation 
kinetics are strongly influenced by the thermal-hydraulic boundary conditions, in particular by 
the steam flow rate. Only very low amounts of methane were ever produced in these tests.  

Enhanced degradation of B4C control rods starts with the rapid formation of eutectic 
melts in the systems B4C-stainless steel (SS) and SS-Zircaloy at temperatures above 1250 °C. 
Initially, this melt is kept within a ZrO2 scale externally formed at the Zircaloy guide tube. 
The absorber melt is rapidly oxidized after failure of the oxide shell and aggressively attacks 
adjacent fuel claddings. 

1 INTRODUCTION 

Boron carbide is widely used as neutron absorbing control rod material in BWRs, 
Russian RBMKs and VVERs, and in some PWRs. During a hypothetical severe accident the 
B4C reacts with the surrounding stainless steel cladding forming eutectic melts at 
temperatures above 1200 °C which is far below the melting temperatures of the single 
components [1, 2, 3]. The remaining uncovered absorber material as well as the B4C/metal 
mixtures are exposed to the steam in the reactor core after failure of the control rod. 

The oxidation of B4C by steam is highly exothermic and produces 6-7 times the amount 
of hydrogen as the oxidation of the same mass of Zircaloy. Furthermore, gaseous carbon- and 
boron-containing species are formed which may affect the fission product chemistry in the 
containment, e.g. for the release of organic iodine compounds. 

The following chemical reactions are thought to play a role during oxidation of boron 
carbide: 

B4C + 7H2O ↔ 2B2O3 + CO + 7H2       (1) 

B4C + 8H2O ↔ 2B2O3 + CO2 + 8H2       (2) 

B4C + 6H2O ↔ 2B2O3 + CH4 + 4H2       (3) 
Surplus steam then reacts with the liquid boron oxide to form volatile boric acids: 
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B2O3 + H2O ↔ 2HBO2         (4) 

B2O3 + 3H2O ↔ 2H3BO3        (5) 
Only a few data sets on the oxidation kinetics of boron carbide were available, most of 

them obtained at temperatures less than 1000 °C [4-7]. Only Gogotsi [8] and Sato [9] 
published results on the oxidation of hot-pressed B4C pellets up to temperatures of 1200 and 
1300 °C, respectively. The results of all these tests are mostly based on the evaluation of mass 
changes. They vary over a wide range and are strongly dependent on the material composition 
and physical form of the B4C (pellets or powder) and in particular on the test conditions. No 
data existed on the oxidation behavior of sintered B4C pellets, typical for French PWRs. 

Therefore, a separate-effects test program on boron carbide oxidation (BOX) and B4C 
control rod degradation up to 1600 °C was launched at Forschungszentrum Karlsruhe (FZK) 
within the EC COLOSS project in the frame of the 5th Framework Program. It is closely 
related to the FZK bundle tests QUENCH-07 [10] and QUENCH-09 [11] with B4C control 
rods and the planned French Phebus FPT-3 test. This paper describes the results of the 
extensive experimental work performed with a new experimental set-up (BOX Rig).  

2 EXPERIMENTALS 

2.1 Test Rig 

The tests with the small, 1-pellet size specimens were performed in a tube furnace with 
molybdenum heating elements and alumina reaction tube (BOX rig). A digitally-controlled 
gas supply system consisting of two gas flow controllers, one liquid mass flow controller and 
a controlled evaporator/mixer device at the inlet of the reaction tube delivers any mixture of 
argon, hydrogen and steam with 0-4 mol/h each. The composition of the off-gas with the 
reaction products was measured by a quadrupole mass spectrometer with 8 mm rod system 
taking into account the following species: H2, H2O, O2, CO, CO2, CH4, Ar, and, but only 
qualitatively, boric acid species. The furnace temperature and gas rates were completely 
controlled by a LabView program. 

The longer control rod specimens were inductively heated in the single rod QUENCH 
Rig, described elsewhere [12], also coupled with the mass spectrometer.  

 

2.2 Specimens 

Four types of B4C specimens were investigated: 1) commercial pellets used in French 
PWRs (Framatome), 2) pellets of Russian origin used in the Hungarian CODEX bundle tests 
with boron carbide control rod (CODEX), 3) dense absorber pellets without open porosity 
obtained from Elektroschmelzwerk Kempten, Germany (ESK) and 4) B4C powder (14 mesh 
and finer) as formerly used in German BWRs and obtained from the same company (ESK 
powder). The different species were chosen to investigate the influence of the sample (state, 
geometry, density, porosity etc.) on the oxidation behavior. Framatome and CODEX pellets 
have open porosity of about 30 %, whereas the ESK pellets are dense; the microstructure of 
the CODEX pellets is much more inhomogeneous than of the other specimens which is 
reflected by the high impurity content and a broad pore size distribution. 

Various types of control rod specimens were manufactured for degradation tests. The 
materials are commercial control rod materials used in French 1300 MW PWRs and were 
delivered by Framatome. The boron carbide pellets are surrounded by a stainless steel 
cladding tube and the Zircaloy-4 guide.  
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The SS/B4C/Zry-4 absorber melts were prepared in the inductively-heated LAVA 
furnace [13]. Thin discs of the single materials were stacked in a shallow zirconia crucible 
and melted at temperatures between 1900 and 2100 °C under inert atmosphere.  

Post-test examinations were performed using light microscopy, SEM/EDX and Auger 
spectroscopy. 

 
2.3 Test conduct 

The specimens were usually heated in an inert atmosphere (50 l/h Ar at normal 
conditions, i.e. 0 °C and 1 bar) up to the desired starting temperature for the transient or 
isothermal oxidation. Then, the steam injection was switched on, usually with a flow rate of 
30 g/h resulting in a steam partial pressure of 42755 Pa (total pressure: 105 Pa). At the end of 
the oxidation period, the steam flow was switched off and the argon flow increased to 100 l/h 
to accelerate the gas exchange from oxidizing to inert atmosphere under which the specimens 
were cooled. The injected steam mass flow rates were in large surplus in comparison to the 
amount of steam consumed by the oxidation reaction. Thus, no steam starvation was expected 
to occur during the tests (including tests at lower steam rates discussed later). The heating rate 
during the heat-up phase and in the transient tests was 20 K/min. 

Some tests were performed under varying argon/steam and argon/steam/hydrogen 
atmosphere. 

3 EXPERIMENTAL RESULTS 

An extensive experimental program on the oxidation and degradation of boron carbide 
control rod has been performed during the last three years. The results are well documented in 
two internal reports [14, 15]. Here, only the main test results can be discussed. 

 
3.1 Transient oxidation of B4C 

A series of transient tests with Framatome pellets was performed in order to get an idea 
of the reaction behavior of B4C in Ar/steam and Ar/steam/H2 in the temperature range of 
interest between 800 and 1500 °C. Figure 1 shows a typical example of the gas release during 
a transient test.  

The main gaseous reaction products are hydrogen, carbon dioxide and carbon 
monoxide, as is expected from equations 1-2. Methane was produced only to a very low 
extent at the beginning during the lowest oxidation temperatures. Taking the hydrogen release 
rate as a measure of the oxidation rate, one could recognize from Fig.1 a strong oxidation 
peak immediately after steam inlet, which will be discussed later in the isothermal section. 
Then, the oxidation rate remains roughly constant during heat-up of the pellet up to 
temperatures of about 1200 °C. An exponential Arrhenius-type temperature dependence 
indicating thermal activation of the oxidation reaction is established above approx. 1270 °C.  

Two tests were performed in Ar/steam/H2 mixtures to investigate the influence of the 
oxygen potential on the composition of the off-gas mixture: one with comparable flow rates 
of steam and hydrogen and one with a surplus of hydrogen. The hydrogen injection clearly led 
to a shift in the CO/CO2 equilibrium towards CO. The methane release rate was only slightly 
influenced by the composition of the atmosphere. A reduced methane rate during the test with 
excess hydrogen was caused rather by a reduced overall oxidation rate due to the lower steam 
supply (7.5 vs. 25 g/h) than by the reduced oxygen activity. 
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Figure 1: Gas release during transient oxidation of a B4C pellet in flowing argon/steam 

atmosphere 
 

 
3.2 Isothermal oxidation of B4C 

More than 40 isothermal tests on the oxidation of B4C were performed with different 
species under various boundary conditions. Most tests were performed with Framatome 
pellets. These pellets were chosen as reference material because, firstly they are presently 
used in French nuclear reactors and, secondly such kind of specimens are also used in 
separate-effects tests on control rod degradation at FZK, out-of-pile QUENCH bundle tests as 
well as in the planned in-pile experiment PHEBUS-FPT3. 
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Figure 2: Gas release during isothermal oxidation of porous boron carbide pellets 
 
Figure 2 shows the mass spectroscopic analyses of the gaseous oxidation products 

during an isothermal test series and their dependence on time and temperature. There is the 
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clear tendency for an increasing release of hydrogen, carbon dioxide and carbon monoxide 
with rise in temperature. On the other hand, the highest - but nevertheless very low (please 
note the expanded CH4 scale!) - methane production was measured at the lowest oxidation 
temperature. Besides the non-condensable gases some masses assigned to boric acids (amu 
43, 45, 62) were measured by the mass spectrometer. Boric acids are products of the reaction 
of B2O3 with steam (Eqs. 4-5) which is believed to play a significant role in the overall 
oxidation kinetics. 

Obviously, the oxidation of the porous pellets takes place in two steps: A first peak of 
gas production, and therefore of the oxidation rate, is followed by a more or less constant 
oxidation kinetics after a few minutes. Only at 800 °C the transition from higher to lower 
oxidation rates took more time.  
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Figure 3: Specific hydrogen release rates during isothermal oxidation of the various B4C 
specimens. Influence of porosity and steam flow rate (referred to the geometric surface of the specimen) 

 
The comparison of results obtained with the diverse boron carbide samples under 

different steam flow rates offers interesting insights into the oxidation mechanisms. Figure 3 
demonstrates that the initial peak hydrogen production (oxidation rate) is closely correlated 
with the porosity of the sample. Greatly increased hydrogen rates after injecting the steam is 
only observed for the porous pellets and the powder. A more or less constant level of the 
oxidation rate is soon established and is, at least for the pellets, only dependent on the steam 
flow rate or more generally on the thermal hydraulic boundary conditions. Obviously, the 
porous specimens initially have a higher active surface leading to increased oxidation rates.  

The somewhat different behavior of the powder can be easily explained by the larger 
porosity which delivers a higher surface than the geometric one to which the data are referred 
and which is not completely coated by liquid B2O3 during the duration of the test. 

These ideas are also supported by the integral mass changes measured for all specimens 
and shown in Fig.4.  

At 800 °C most of the specimens gained mass due to the of boron oxide formation that 
blocked the pores or coated the surface. At higher temperatures the boron oxide increasingly 
reacts with steam to form volatile boric acids or directly evaporates leading to a mass loss of 
the specimens. Furthermore, one can draw some conclusions by comparing the results of the 
various species. The ESK pellets without open porosity do not gain mass even at the lower 
temperatures and the powder sample with the highest porosity experiences the highest 
increase in mass up to 1200 °C. This is probably correlated with the capability to absorb 
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liquid boron oxide. At 1400 °C, the slow oxidation kinetics in the tests under low steam flow 
rate caused the lowest mass losses of these specimens. 
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Figure 4: Integral mass change of B4C specimens after 30 min oxidation in a flowing 

steam/argon mixture in dependence on temperature 
 
 

3.3 Tests under varying atmosphere 

Some tests were performed under varying atmospheres to quantify the effect of 
gas/steam flow rates on the oxidation kinetics and to investigate its influence on the off-gas 
composition.  

In particular, it was of interest to know whether the production of methane can be 
forced by atmospheres with a high content of hydrogen and thus low oxygen potential. Two 
tests were conducted with stepwise changes from pure steam (+Ar) to almost pure 
hydrogen (+Ar) atmosphere at 800 and at 1200 °C. The reduction of the steam flow rate led to 
a decrease of the carbon-containing species CO, CO2, and CH4, thus indicating a decrease in 
the oxidation rate. The change in the oxygen potential did not significantly influence the 
relative composition of the off-gas, only the CO/CO2 ratio increased initially with the 
hydrogen injection. 

Figure 5 shows the results of two tests with stepwise changing steam and argon 
proportions in a mixed steam/Ar atmosphere. The increase of the steam flow rate by one order 
of magnitude (steam partial pressure 0.11→0.64 bar) enhances the oxidation rate - here shown 
as hydrogen release rate - by a factor of five. On the other hand, the increase of the argon flow 
rate by an order of magnitude (steam partial pressure 0.79→0.27 bar) causes a decrease of the 
oxidation rate by about 30 %.  

These results show that the oxidation rate of boron carbide is strongly influenced by the 
steam flow rate and by the steam partial pressure of the inlet gas mixture. Finally, these two 
parameters determine the local steam partial pressure at the surface of the specimen and 
therefore the oxidation rate. Considering surface reaction kinetics and mass transport in the 
gas phase, the oxidation rate can be assumed to be proportional to the steam partial pressure 
as well as to the square root of steam flow rate. 
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Figure 5: Influence of steam flow rate (left, Ar flow rate: 50 l/h)) and argon flow rate 

(right, steam flow rate: 30 g/h) on the oxidation kinetics of B4C at 1200 °C 
 

3.4 Degradation of control rod segments 

1-pellet-size control rod segments 
The degradation of the control rod is strongly dependent on the atmosphere. This was 

seen in two transient tests with short CR specimens between 800 and 1500 °C; one in inert 
and one in oxidising atmosphere. The specimen completely degraded in inert gas due to the 
eutectic interactions between B4C and stainless steel cladding as well as between stainless 
steel and Zircaloy-4 guide tube (Fig.6-right) whereas the specimen heated up in steam/Ar 
atmosphere did not fail due to the formation of an external ZrO2 scale (Fig.6-middle). 

 

   
Figure 6: Schematic of a control rod segment (left) and post-test appearance of 

specimens after transient tests between 800 and 1500 °C under oxidising (mid) and inert 
(right) conditions 

In an isothermal test series the same kind of specimens were kept at temperatures from 
800 to 1600 °C for one hour in steam/argon atmosphere. Up to 1000 °C, no interaction at all 
took place between the components. At 1200 °C, small interactions between B4C and SS as 
well as between SS and Zircaloy were observed. Significant melt formation was seen at 
1300 °C and higher temperatures (Fig.7). The steel cladding was completely dissolved during 
these tests and the B4C consumption increased with temperature. SEM-EDX and Auger 
analyses of the solidified absorber melts revealed a complex multi-phase mixture with (Fe, 
Cr) and (Fe, Ni) borides and high melting zirconium carbides and borides. 

The formation of an outer ZrO2 scale prevented the specimens from early failure. 
During the tests at 1500 and 1600 °C the oxide shell failed accompanied by a strong 
formation of CO and CO2 and additional hydrogen release which increased by a factor of 30, 
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as can be seen in Fig.8. The oxidation of the absorber melt and/or the remaining B4C pellet 
was very rapid and even led to splashing of melts in the reaction tube. 

 

 
Figure 7: Cross sections of short B4C control rod segments after isothermal tests for 

one hour at the specified temperature 
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Figure 8: Hydrogen release during isothermal oxidation of short B4C control rod segments 

 

10 cm control rod segments 
The longer specimens showed axial relocation of the absorber melt as well as local 

consumption of the B4C pellets near the failure position. The failure temperatures (when 
considerable amounts of B4C oxidation products were measured) were determined to be 
around 1470 °C. 
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Figure 9: Axial cross section of a control rod segment after transient oxidation up to 

1580 °C in steam showing melt formation and relocation as well as local consumption of the 
B4C pellets near the position of the failure (left: top of the vertically tested specimen) 

 

3.5 Oxidation of B4C-containing absorber melts 

Absorber melts of different compositions were produced in an inductive furnace at 
temperatures between 1800 and 2000 °C and oxidised in the BOX Rig. Figures 10 and 11 
present typical results of these melt oxidation experiments. The oxidation kinetics 
dramatically increases even for the pure steel at its melting temperature of 1420 °C. The 
oxidation of the mixtures escalates already below 1200 °C, the rates show considerable 
scatter. The post-test appearance of the crucibles and the reaction tube revealed splashing and 
fragmentation of the melts probably due to local reactions. Figure 11 shows the formation of 
loose, non-protecting oxide scales. The aggressiveness of the melt towards the ZrO2 crucible 
under oxidising conditions increases with increasing complexity of the melt.  
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Figure 10: Hydrogen release during oxidation of absorber melts in comparison with 

the pure components (compositions in wt-%) 

4 DISCUSSION AND CONCLUSIONS 

The oxidation kinetics of B4C in steam at the temperatures of interest are supposed to be 
determined by at least two processes: 1) The formation of liquid B2O3 which covers the 
surface and may act as a diffusion barrier for the starting materials and products of the 
reaction, and 2) the evaporation of B2O3 and the products of its reaction with steam, mainly 
boric acids. The former process which is only dependent on temperature follows a parabolic 
kinetics whereas the latter one which is depending on both temperature and thermal-hydraulic 

top bottom 

ZrO2 disc void ZrO2 scale B4C pellet absorber melt ZrO2 disc 
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boundary conditions, especially on the steam flow rate, is thought to be of linear kinetics 
giving altogether paralinear oxidation kinetics.  

Under the conditions chosen in the tests and thought to be present during a severe 
accident sequence a constant reaction rate was established soon after initial oxidation which 
was only dependent on temperature and on the steam flow conditions. Only during the initial 
phase were the oxidation kinetics dependent on the microstructure of the specimens, 
especially on their porosity. It is assumed that due to different open porosities the active 
surface differs at the beginning of the reaction. The formation of liquid boron oxide soon 
causes the plugging of the pores, thus allowing only oxidation at the outer (geometric) surface 
of the samples and leading to comparable results for the various pellet types. Only at low 
oxidation rates, i.e. at low temperatures and low steam flow rates, the porosity of the 
specimens influences the oxidation rate for longer times. 
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Figure 11: Cross section of selected absorber melts in ZrO2 crucibles after preparation 

(left) and after oxidation (right) stage (compositions in wt-%) 
 
Because of the strong dependence of the oxidation rate on the thermal-hydraulic 

boundary conditions the literature data on the oxidation of B4C are considerably scattered and 
allow no direct comparison with each other. Figure 12 compares recent FZK oxidation rates 
based on the hydrogen release data during the plateau phase and referring to the geometric 
surface of the pellets with literature data. The FZK data usually were obtained at higher steam 
partial pressures and rates and are therefore above the mainstream of the data known from 
literature. The FZK data obtained at lower steam flow rates are more comparable with Sato's 
[9] and Liljenzin's [7] results. The equation for the dependence of the oxidation rate on 
temperature given in Fig.12 is only valid for the conditions of this test series and must not be 
generalised.  

A thermally-activated temperature dependence following an exponential (Arrhenius 
type) equation is only obtained for temperatures above 1270 °C as was shown in the transient 
tests and confirmed by the isothermal experiments. At these temperatures the oxidation rate 



302.11 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 8-11, 2003 

seems to be only determined by mass transport in the gas phase. At lower temperatures, the 
dependence on temperature is much more complex due to the mechanisms described above 
and demands modelling work for full explanation. 

Besides hydrogen, the main gaseous reaction products of B4C oxidation in water 
vapour-containing atmosphere were carbon dioxide and carbon monoxide. Only small 
amounts of methane CH4 were released even during the tests at 800 °C, the release rates 
further decreased to almost zero above 1000 °C. This is in agreement with thermo-chemical 
calculations which gave considerable methane production only below 800 °C. 
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Figure 12: Oxidation of B4C at high temperatures: comparison of recent FZK results 
with literature data obtained under different boundary conditions (steam partial pressures 

are given in the legend) 
 
The degradation of boron carbide control rods is strongly dependent on the atmosphere. 

In oxidising atmosphere, as expected to exist during a severe accident sequence, an external 
ZrO2 oxide scale on the guide tube prevents the control rod from early failure. Consequently, 
axial relocation of the eutectic melts formed at about 1250 °C initially occurs only inside the 
guide tube and the release of carbon and boron containing oxidation products is deferred.  

Rapid oxidation of B4C and absorber melt was observed after failure of the oxide scale 
at high temperatures of about 1500 °C. The oxidation kinetics of the B4C-metal melts is 
significantly higher than of the pure components and is a very stochastic process.  

The absorber melts are very corrosive towards the ZrO2 crucibles under oxidising 
conditions. Therefore, control rod failure in a fuel element may cause early failure of 
surrounding fuel rods connected with release of fission products and relocation of UO2 
containing melts. 
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