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IRRADIATION DAMAGE IN BORON CARBIDE : POINT DEFECTS, CLUSTERS AND HELIUM BUBBLES 

T. STOTO and L. ZUPPIROLI 
CEA/IRDI/DMECN/DTech/SESI - C.E.N. - B.P. n° 6, 92265 Fontenay-aux-Roses Cedex, 
(France) 

SUMMARY 
Boron carbide is a refractory hard and ligh material of interest in nuclear 

technology (fission and also fusion). 
Transmission electron microscopy was used to examine the properties of 

radiation induced damage. Firsly, the production of point defects and their 
clustering was studied in samples irradiated by 1 MeV electron in a high voltage 
electron microscope at selected temperatures from 12 K to 1000 K. Secondly, 
conventional transmission electron microscopy was used to understand the produc
tion of helium bubbles in neutron irradiated boron carbide and their role in the 
generation of microcracks. Finally, the interaction between point defects and 
bubbles was also examined. 

INTRODUCTION 
Boron carbide is a performant material for industr ia l applications because 

of i t s mechanical ( re f . 1) and e lec t r i ca l properties (micro-wave absorbtion, 
thermoelectrical conversion at high temperature ( re fs . 2-3). I t i s also appre
ciated as deposited material for coating and in nuclear technology. 

I t i s used as neutron absorber in control rods of several f i ss ion reactors : 
the B isotope exhibi ts a good cross section for neutron capture over a wide 
range of neutron energies (a » 3800 b fo r thermal neutrons and a n » 1 b for 
1 MeV neutrons). I t is also among the candidate materials for the f i r s t wall 
coating in fusion reactors because of i t s low Z, i t s resistance to physical 
( re fs . 4-5) and chemical ( re f . 6) sputtering and the non-formation of long- l ived 
radioactive transmutation products when submitted to neutron i r r ad i a t i on . The 
use of boron carbide in nuclear reactors and fusion devices i s however l im i ted 
by i t s re la t i ve ly low resistance to thermal shocks and thermal gradients, i t s 
strong swelling and microcracking when submitted to neutron or a-ion i r rad ia t ion 
( re fs . 7-8). 

The present work deals with the nature of radiat ion damage in boron carbide. 
The i r rad ia t ion pro ject i les of in terest fo r fusion and f i ss ion technology are 
a-ions and fast neutrons, a- i r rad ia t ion consists in primary co l l i s i on events 
producing displacements of lattice-atoms and in incorporation of the knocked-on 
a part ic les in the l a t t i c e . An o par t ic le of about 1 MeV produces a few hundred 
of atomic displacement in boron carbide. Neutron i r rad ia t ion produces helium 
ant l i th ium from the (n , a) - reactions. Because of t he i r high recoi l energies 
helium and l i th ium displace, in tu rn , about 800 atoms from the boron carbide 



lattice. Displacement damage is also created by elastic collisions of neutrons. 
!n both cases irradiation results in introduction of helium and point defects 
in boron carbide lattice. The ratio point defects to helium atoms is of the 
order of thousands for fast neutrons and of hundreds ror a implantation (ref. 9; 

The aim of the present work is to understand the respective roles of helium 
and point defects in radiation damage of boron carbide. For this purpose results 
of electron irradiation, producing only point defects, are shown togheter with 
results of fast neutron irradiation. 

ELECTRON IRRAOIATION : THE BEHAVIOUR OF POINT DEFECTS 
Several samples of boron carbide were irradiated with 1 MeV electron, in a 

high voltage electron microscope, at 1000 K, 300 K and 12 K, in order to study 
the effects of atomic displacement on boron carbide lattice. The flux was of the 

19 -2 -1 order of 10 e.cm s . The displacement rates, calculated from the value of 
the displacement cross sections (ref. 9 ) , were of the order of 10 d.p.a./s for 
total doses of about 3 d.p.a.. Figure 1 shows a comparison between the images 
of three neighbouring zones of a sample of boron carbide, two of which have been 
irradiated respectively at 12 K and at 1000 K. Despite the resolution of about 

o 
10 A no microstructural evidence of clustering of displaced atoms is visible. 
A very slight reorganization of the surface due to sputtering is the only 
observable difference between non-irradiated and irradiated zones. Ao bulk 
damage was noticed in form of important changes on the diffraction patterns 
(phase transformations or Bragg spots broadening). 

In a recent paper (ref. 10) absence of clustering of point defects even when 
produced at very high rates and low temperatures was explained by the features 
of boron carbide structure which is open and disordered. This ceramic exists 
over a very large domain of stoichiometry, from B„C to B.C, and can accept 
vacancies and interstitial atoms in large number and in stable forms. 

NEUTRON IRRAOIATION : THE BEHAVIOUR OF HELIUM 
Experimental conditions 

The starting pellets of boron carbide (B g ? C - B 4C) were prepared by melting 
under electron bombardment boron carbide powder supplied by Quartz et Silice. 
They were then irradiated by fast neutrons to about 0.4 % B bumup 
(5 x 1 0 2 0 (n, a)/cm 3) near 800°C. 

A swelling less than 1 % was measured by density measurements before and 
after irradiation. 

Specimens were cut from the pellets with a diamond saw and polished as thin 
as their friable r.ature allowed us to. They were further thinned by argon ion 
milling. They were finally examined with a transmission electron microscope 
(Philips EM 300) operating at 100 KeV. 
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Fig. 1. Comparison of a non-irradiated zone and of two zones i r rad ia te ; 
1 MeV electrons respectively at 1000 K (electron f lux 5.1 x 10*^ e.cm"' 
displacement rate 1.5 x 10"^ d.p.a./s ; to ta l fluence 3.3 x 1 0 2 2 e.cm"1 

1 d.p.a.) and at 12 K (electron f lux 4A7 x 10 1- e.cm"2 s - l ; displacement rate 
1.4 x 10"3 d.p.a./s ; to ta l fluence 1 0 " e.cm" 2 , i . e . 3 d .p .a . ) . 100 KeV 
electron microscopy at 300 K. The sample of composition B4C contains 0.9 at % 
of free carbon. The only difference between non-irradiated and i r radiated 
zones is a ^ery small var iat ion of the surface granular i ty at the scale of 
tens of amgstroms ( re f . 10). 

He!ium bubbles 
10, The microstructure of boron carbide irradiated at 800°C to 0.4 " * B burnup 

consists of a high density c f helium clusters. These defects have been identi
fied as plate like cavities filled with high pressure helium {ref. 11). 



As is seen in Figure 2, the helium bubbles are parallel to trace of (111) 
plane indexed on the rhomoohedral unit cell. Bubbles parallel to {100} and {110' 
trace have also been observed (refs. 11-12). 

Fig. 2. Micrograph of helium bubbles in fast neutron irradiated boron carbide 
(burnuo = 0.4 % 1°B, T = 800°C) under two different diffraction conditions. The 
bubbles are platelike defects parallel to trace of (111) plane. The bubble are 
surrounded by strong strain fields responsible for the black-white contrast (b). 
(Electron microscopy at 100 KeV). 

The presence of helium in the bubbles causes a gas pressure which may reach 
very high value. The highly over pressurized helium gives rise to strong strain 
field around the bubble as is shown in the contrast b) of Figure 2. Strain fiela 
measurements indicated lattice strains may reach very high values up to 10 % 
(ref. 7). 

The bubble density and size distribution were determined by counting on 



enlarged micrographs. The term buoble size refers to the largest dimension of 
these lenticular bubbles. The bubble size distribution sketched in Figure 3 
was obtained by measurement on bright field images in weat beam conditions. 
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Fig. 3. The bubble size distribution of fast neutron irradiated boron carbide 
to 0.4 1 0 B burnup at 800°C. The term bubble size refers to the major dimension 
of bubble. Measurements were carryed out on 439 bubbles. 

A bubble density of 2.5 x 1 0 1 5 cm" 3 was estimated from the number of bubbles 
counted on two-beam condition images and foil thickness obtained by thickness 
extinction contour method. Extinction distances for 100 KeV electrons, required 
to estimate this last quantity, were obtained from extinction distances for 
200 KeV electrons given by Jostsons et al. (réf. 12). To obtain representative 
values typically 500 bubbles were counted. 

From bubbles to microcracks 
Coalescence of adjacent bubbles generates transgranular microcracks as is 

shown in Figure 4. 
Transgranular microcracking is a three steps process. After bubbles formation 

and before their coalescence leading to generation of microcracks, bubbles can 
concentrate in strings (Figure 5) and in gas pockets (Figure 6). The driving 



force for such an interaction is probably "the strain field arouna buobles. 
Along the strings and in gas pockets, single buDbles could not be identified 
because of excessive contrast image overlap due to the proximity of neighborino 
bubbles. Clustering of bubbles is the prelude to transgranular microcracking. 
Microcrack propagation occurs with an interoubble fracture mechanism, i.e. 
coalescence between suitable neighboring bubbles driven by high internal 
stresses. Complex strong strain field around bubble strings and in gas pocket 
ennance the formation of microcraks because of the stress concentration. 

Fig. 4. Micrograph of microcracks in fast neutron irradiated boron carbide 
(burnup = 0.4 % 10B, T = 800"C). High oriented strain fields around microcracks 
suggest that microcracks may extend and coalesce because of excessive strain 
along their direction. (Electron microscopy at 100 KeV). 

Neutron boron carbide is also affected by intergranular microcracking. 
Figure 7 shows a microcracks along a grain boundary. The grain boundaries 
appeare to be free of bubbles. Denuding of bubbles near grain boundaries suggest 
that helium diffuses rapidly in these regions and it is trapped by grain bounda
ries : grain boundaries are helium sinks. The intergranular microcracking is the 
result of the high helium concentration whitin grain boundaries and of the 
intergranular strains due to anisotropic microcracking between adjacent grains 
with different orientations. 



Fig. 5. Micrograph of strings of bubbles in fast neutron irradiated boron car
bide. Many of individual bubbles aligne to produce strings -.jrrounded by strong 
complex strain contrast. Along the string single bubbles could not be identifiée 
because of excessive contrast image overlap due to the proximity of neighboring 
bubbles. (Electron microscopy at 100 KeV). 

Twin boundaries do not exhibit denuding of bubbles. Twinning do not affect 
the distribution of bubbles and the formation of microcracking. The inter ana 
transgranular cracking of neutron irradiated boron carbide explains why swelling 
determined by electron microscopy is frequently much less than the one determi
ned by immersion density or pellet dimension measurements (ref. 13). 



Fig. 6. Micrograph of gas pockets in neutron irradiated boron carbide (burnup 
0.4 % 1 0 3 , T = 8C0'C). Gas pockets results in high concentration of bubbles, 
responsible for the complex strong strain contrast. (Electron microscopy at 
100 KeV). 

THE INTERACTION BETWEEN POINT DEFECTS AND HELIUM 

In order to examine the point defects - bubbles interaction samples of 

neutron irradiated boron carbide were reirradiated by 1 Me1/ electrons in a high 

voltage electron microscope. Figure 8 shows the typical aspect of helium bubble: 
ig -? -T 

afte»- 1 MeV electron irradiation at 300 K (flux = 4 x 10 e.cm "s , displace
ment rate = 1.2 10" 3 d.p.a., total fluence = 3.4 x 1Û 2 2 e.cm" 2). 

Electron irradiation results in stress relaxation around the bubbles and in 

the »ubble tendence to become more equiaxed, i.e. to adopt a more equilibrium 

shape. The same bubble morphology change was found in neutron irradiated boron 

carbide after annealing at 1400°C (ref. 12). Equiaxed bubbles, closely resem

bling those produced by post irradiation annealing or post irradiation electron 



irradiation, were observed in boron carbide irraciated by neutrons at higher 
temperature than 1600°C (ref. 11). 

Fig. 7. Micrograph of intergranular microcracking and depleted zones near grain 
boundary in neutron irradiated boron carbide (bumup 0.4 % 1 0 B , T = 800°C). 
Absence of bubbles near grain boundary suggests that grain boundary is an helium 
sink. (Electron microscopy at 100 KeV). 



Fig. 8. Micrograph of helium bubbles in fast neutron irradiated boron carbide 
(0.4 % 1 0 B , T = 800°C) after 1 MeV electron irradiation at 300 K (electron flux 
4 x 1 Û 1 9 e.cm" 2s"l, displacement rate 1.2 x 10" 3 d.p.a./s ; total fluence 
3.4 x 1 0 " e.cm"2). The bubbles have a dopted a more equilibrium, i.e. more 
equiaxed, shape because of relaxation of strain field. (Electron microscopy at 
100 Ke'/) (ref. 15). 

CONCLUSION 

In boron carbide point defects do not agglomerate in cluster but are accepted 

in large number and stable form in the structure. 

The platelike helium bubbles, surrounded by strong strain fields, are the 

only visible form of irradiation induced damage. Clustering of bubbles in string-

and in gas pockets and the successive bubble coalescence, driven probably by 

strong strain field around bubbles, generate transgranular microcracking. 

Intergranular microcracking is produced because of the high concentration cf 

helium within grain boundaries and of intergranular strains due to anisotropic 

microcracking between adjacent grains with different orientations. 
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Point defects, when highly mobile and present at a su f f i c ien t concentration, 

can interact with helium bubbles. Such an interact ion resul ts in stress relaxa

t ion around bubble and in the bubble tendence to become more equiaxed. 
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