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Abstract 

This paper reviews previous works focused on fundamental neutron damage simulations in B-Sic. The reason to propose 
ceramic composites based on Sic, instead of the monolithic form, is concluded, and the effect of radiation (neutron 
irradiation) on the macroscopic responses of the material are shown. Molecular dynamics simulations of threshold 
displacement energy, defect energetics, melting point, and 3-5 keV cascades are presented, together with a criticism of 
various interatomic potentials such as Pearson, Tersoff, and Modified Embedded Atom Model. Most of the presented results 
have been performed with Tersoff’s potential which has demonstrated a better physics description of the material’s 
parameters. The directional dependence of the threshold energy is mentioned, and the consequences of energetic cascades 
such as potential amorphization are compared with results of Si. The effect of the accumulation of damage, at a rate higher 
than expected in real Inertial Confinement Fusion applications is also mentioned. 0 1997 Elsevier Science B.V. 

1. Introduction 

The use of SIC has a long history in nuclear power 
systems from being successful particle fuel coatings 
(TRISO, TRIple Isotropic coatings) for high temperature 
gas cooled reactors (HTGR), and base material for temper- 
ature monitors in nuclear reactors. It has also been pro- 
posed for nuclear fusion from the 1970s. However, some 
of its properties, brittleness and high sensitivity to develop 
cracks, makes it a highly risky material for nuclear safety. 
More recently, interest has been shown in SIC fibers for 
the C matrix for high heat flux components, and in metal 
matrices (Al, Ti) for some potential structural applications. 
From the use of monolithic B-Sic, the present technology 
in fusion is proposing to solve those problems using 
SiC/SiC composites, which have some very interesting 
and critical properties: low activation, low afterheat, high 
temperature strength, and low electrical conductivity. 

The low activation characteristic under neutron irradia- 
tion of SIC has been demonstrated for different environ- 
ments, considering recycling, waste disposal, and atmo- 
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spheric releases. However, careful analyses need to be 
done in any particular case considering the level of impuri- 
ties, type of neutron spectrum, and irradiation time, to 
fully assess the appropriate frame for using the material. 
Different conceptual reactors in Magnetic Fusion (MFE), 
such as ARIES [1], TAURO [2], and Inertial Fusion (IFE), 
KOYO [3], HIBALL-II [4], have included the SIC in 
different forms as structural material for blanket systems. 

There is an important need therefore to establish the 
effect of the radiation damage (neutron damage) in B-Sic 
and its composites leading to the modification of proper- 
ties such as: hermeticity, electrical conductivity, chemical 
compatibility with coolant/blanket, dimensional stability, 
and mechanical properties, and also to investigate the 
microscopic mechanisms which guide those effects. In 
addition to some starting experimental programs, related to 
nuclear fusion activities, to qualify the SiC/SiC compos- 
ites, there is an increasing need of computational simula- 
tions of the basic physics of radiation damage in B-Sic, 
and clear understanding of the dynamics of defects genera 
tion and transport in this covalent material. 

Calculations on B-Sic, using molecular dynamics, de- 
scribing high energy cascades formation, threshold dis- 
placement energy and melting point will be presented. 
Moreover, a preliminary analysis of accumulated radiation 
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damage, relevant for IFE reactors with materials under a 
short and intense pulse of neutrons, is given. 

Different interatomic potentials have been proposed in 
the past to model covalent material such as Sic; in particu- 
lar for this material, Tersoff [5], Pearson [6], and Modified 
Embedded Atom Model (MEAM) [7], have been consid- 
ered and compared [8,9] using defect energetics results. 
The Tersoff potential has been used in our model incorpo- 
rated in the computer code MOLDYCASK [ 10-121, be- 
cause it is demonstrated to have better agreement with the 
available experimental results. 

2. Low-activation material 

It was shown that SIC irradiated up to 30 years in a 
‘soft’ neutron environment with an average energy of 
(E) = 0.1 MeV and a total flux of = 10” n cm-’ s-‘, 
such as in IFE reactors, has a very good performance 
considering recycling options (hands-on, remote) and dis- 
posal (Shallow Land Burial, SLB) [13,14]. When consider- 
ing a ‘hard’ neutron spectrum, (E) = 2.1 MeV, with a 
total flux of = 2 X 1015 n cm-* s-’ and an irradiation 
time of 2.5 years, the limitations in the environmental 
behavior are clearly observed in these cases, and they 
could impose more restrictive conditions of operations. 
The reason for the large increase of the surface gamma 
dose rate is the formation of the y emissor 26A1 (T,,, = 
7.2 X lo5 y) from *‘Si through nuclear reactions 

*‘Si(n, np)*‘Al(n, 2n)‘“Al; 28Si(n, d)*‘Al(n, 2n)26AI, 

which both include reactions with a threshold close to 14 
MeV. The content of impurities is not significant in the 
long-term in the hard spectrum because the maximum 
contributor to the effect in that range is the Si, which is the 
major component. However, remote recycling at 50 years 
is also limited by 6oCo from impurities. That effect is 
observed in the calculation of neutron activation corre- 
sponding to porous Sic tubes components of the blanket of 
the IFE reactor KOYO irradiated 2 years under a hard 
neutron spectrum corresponding to the first rows of the 
blanket receiving the (E) = 12 MeV neutron burst from 
the target [ 151, and also the effect of 24Na (1 day) and 46Sc 
(1 month-l year) is shown in a reduced range. In the case 
of soft neutron spectrum the contribution of some impuri- 
ties becomes important in recycling, and it can introduce a 
significant difference with the case of pure Sic. For SLB 
considerations the effect is also critical for hard spectrum 
because of the influence of 26Al, and it needs to be 
considered also for the soft spectrum because of the effect 
of some impurities such as Nb and N, which must be 
strictly controlled. 

Related to accidental releases simulations [16], Sic 
(pure and with impurities) fulfills the current evaluation 
criteria in both situations of hard and soft neutron spectra 
with larger values for the hard spectrum because of the 

formation of 24Na from **Si through threshold chain reac- 
tions [ 161. The difference between pure and with impurities 
content is larger for shorter irradiation times, and the effect 
of irradiated Sic/Sic, which has a maximum after 1 year 
of irradiation (0.5 mSv kgg ‘> which is seven times larger 
than that after 30 years of irradiation, is remarkable; this 
effect is due to impurities Bi (producing *“PO), Tb (pro- 
ducing 16’Tb), and W (producing ‘921r). 

3. Properties and irradiation effects in SIC and compos- 
ites 

A brief resume of macroscopic properties which justify 
the interest on these materials is given, together with the 
effect of radiation damage on them. There are other papers 
on this specific subject [17-211. 

3. I. Macroscopic responses 

In principle, the resistance of ceramic materials is 
enlarged because the stress is transmitted from the matrix 
to the fibers which have a larger resistance. The values of 
the resistance to fracture in composites with a ceramic 
matrix are very high because they absorb energy when 
fibers are extracted from the matrix provoking the deflec- 
tion of cracks and their final stop. 

The hydrogen in high density Sic, produced by chemi- 
cal vapor deposition (CVD), has very low diffusion coeffi- 
cients, but composites produced with the same techniques 
have a porosity of lo-15%. In conditions of thermal 
shocks or changes in volume, Sic composites can have 
leakage of He, 10-6-10-’ mol s-l, which needs to be 
corrected for using that material under pressure through 
sealant layers of other ceramics and glasses. 

In oxidant atmosphere, Sic forms a dense film of SiO, 
apparently auto-sealant. At O2 pressures lower than lo-* 
atm and temperatures lower than 900°C the active oxida- 
tion of SIC starts. Sic is decomposed in the presence of 
pure H, but it is inert in the presence of an atmosphere of 
H 2, N,. The main reactions between SIC and liquid metals 
are those which result from the interchange of C. There is 
evidence of corrosion in contact with liquid lithium at 
temperatures higher than 600°C. However, experiments 
with Li ,7PbR3 show a good stability at 800°C during 1500 
h. 

The characteristics under thermal shock of the mono- 
lithic and composites Sic are very different, and it was 
concluded that composites behave fairly good under these 
situations. For almost similar conditions, at 15OO”C/s, 
monolithic samples failed in 1.5 cycle in average, but 
composites needed 25. SIC composites show that they can 
tolerate an important damage in the matrix without loss of 
the maximum failure or fracture stress, with a low speed of 
crack propagation explained by the presence of ‘bridges’ 
due to the fibers. 
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3.2. Irradiation effects Table 1 

Bulk silicon carbides exhibit a phenomena called ‘lattice 
swelling’ between 60 and lOoo”C, which is the result of 
volume changes because of the introduction of defects and 
chemical disorder. Above 1000°C there is void swelling 
similar to metals. The lattice expansion saturates at a few 
tenths of a dpa and afterwards is independent of the 
f’luence up to 40-60 dpa, with a final linear change of 1% 
at room temperature decreasing with temperature to 0.1% 
at 1000°C. The void swelling rate is considerable lower 
than in metals with AV/V = 0,2’%/dpa. 

Results of defect energetics in SIC [8,9] 

Energies (eV) Pearson MEAM Tersoff First principles 

The elastic modulus, the tensile and bend strengths of 
both bulk P-Sic and Sic fibers increase after irradiation. 

Since heat in Sic is carried by phonons, irradiation 
produced defects can significantly reduce its thermal con- 
ductivity by scattering phonons. This reduction will be 
smaller at high temperatures. In SIC monocrystals of high 
purity, thermal conductivities up to 5000 W m- ’ K- ’ 
have been measured at 50 K, and 500 W rn- ’ K- ’ at 
room temperature. The conductivity in the composites is 
very much reduced because their high porosity together 
with the large area of the matrix-fiber interface increases 
the phonon scattering and decreasing conductivity. How- 
ever, 2D SiC/SiC composites are being developed in- 
creasing their conductivity to 73 W rn- ’ K-‘, approach- 
ing that of the monocrystal at 1000°C. 

et al. [6] 

E’ (Vs,) 6.70 14.28 12.46 12.60 
E’ (V,) 5.26 9.58 11.61 11.70 
Ed-m (V. ) 
Ed - 8” ( “ii, 

7.39 2.88 5.83 N/A 
6.10 5.24 8.94 N/A 

E’-“I cl’,,) 4.30 2.72 6.08 N/A 
E’-m (V,) 0.50 2.61 3.48 N/A 
E’ (Is,&) 3.23 5.96 4.08 8.00 
E’ (/c_T,) 3.37 -3.07 2.29 4.40 

Et ( fs,_Ts,) 10.55 2.09 8.00 8.30 
E’ (I,_T,,) 3.80 -3.04 0.23 1.90 
Em (I,,) 6.04 4.12 3.95 N/A 
E’” (I ) 
E (Si Zntisite) 

I .47 1.29 3.58 N/A 
3.66 7.21 5.55 6.40 

E (C antisite) - 3.33 2.17 0.6 I 0.20 

SIC is a semiconductor with typical electric resistivities 
at room temperature from p = 1 to 10 R cm, and insula- 
tors with values as high as 10’” fl cm can be produced by 
doping with Be0 to produce an insulating grain boundary 
phase. Neutron irradiation reduces the number of carriers 
and increases the resistivity by factors of 10 to 10 000. 

million atoms, depending on the potential. It solves the 
Tersoff potential [5] to describe interactions in Sic, and the 
Stillinger-Weber (SW) potential for silicon [24]. Periodic 
boundary conditions are used in the ( 100) and (0 10) 
directions, with a free surface at the topmost (001) plane. 
The bottom (001) plane is held fixed and a thermostat is 
implemented by coupling the atoms in the next four (001) 
planes to a thermal reservoir at constant temperature. 
Energy is prevented from re-entering the simulation box 
through the periodic boundaries by application of a damp- 
ing layer in the atomic planes adjacent to the boundaries. 

5. Threshold displacement energy and melting point 

4. Molecular dynamics model and interatomic potential 

The molecular dynamics code (MOLDYCASK) [IO- 121 
has been implemented on the massively parallel computer 
CR1 T3D at Lawrence Livermore National Laboratory. 

Huang et al. [8,9] have done an exhaustive comparison 
of three SIC potentials: Tersoff [5], Pearson [6] and modi- 
fied EAM potential [7]. Their conclusion is that the Tersoff 
potential is rather appropriate for describing defect proper- 
ties in Sic. In particular, it correctly describes the vacancy 
formation energies in both sublattices and predicts the fact 
that Si antisites are more difficult to create than C antisites, 
in good agreement with first principles calculations [22] 
(see Table 1). 

For the studies of melting [ 10,121, simulation boxes, 
containing 384 atoms with free surfaces in the +Z and 
-Z directions and periodic boundaries elsewhere, with a 
Zinc-blende structure with an initial adaptive time of 0.75 
fs and a high temperature lattice parameter of 4.425 A, 
have been used. A broad melting transition has been 
located between 2500 and 3000 K, which is shown in Fig. 
1 where the total energy of the system is plotted as a 
function of temperature. The latent heat of the transition is 
at _ 0.5 eV/atom. The experimental melting point of SIC 
is 2818 K [25]. In Fig. 2, the Si-C paired distribution at 
various temperatures is shown. 

The MOLDYCASK version on T3D is based on the 
PVM message passing library [23]. The code runs on 128 
processors at a rate of 2 p,s/atom/timestep when using 
the SW potential, and at a rate of 4 p,s/atom/timestep 
when using the Tersoff potential, both with a cut-off 
between the first and second nearest neighbor shells. One 
MD iteration takes 2 to 4 s of the CPU for a crystal with 1 

The results of the threshold displacement energy calcu- 
lations [IO, 121 are summarized in Table 2. A Zinc-blende 
structure was used including 1728 atoms, bulk surfaces, a 
low-temperature lattice parameter of 4.36 A and an initial 
adaptive timestep of 0.25 fs. For Si primary knock on 
atoms (PKA) along the [OOl] direction, the threshold is 
found between 30 and 35 eV. Fig. 3a represents the X, y, 
and z displacement of the 30 eV Si recoil as a function of 
time. As can be clearly seen, the atom moves along [OOl] 
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Fig. 1. Total energy of a SIC crystal versus temperature. The 
discontinuity indicates the phase transition range [lo]. 

but falls back into its original position after = 0.2 ps. For 
the rest of the simulation, the PKA simply fluctuates 
around its lattice site. In Fig. 3b the result for a 35 eV Si 
PKA is displayed. The z-coordinate of the PKA increases 
as the atom moves along [OOI]. In contrast to the previous 
case, at 35 eV the PKA remains stable at a distance 
* 0.8 a, from its original position. Detailed analysis of the 
data after 2 ps shows that the PKA forms a [OOl] split 
interstitial with the atom originally in the replacement 
position. A vacancy is left at the PKA site. The, distance 
between the atoms in the dumbbell is 0.5~~ A. For C 
recoils along [OOl], the threshold energy for defect produc- 
tion was found to be between 35 and 40 eV. The resulting 
Frenkel pair was composed of a C-C split [OOl] dumbbell 
interstitial with the two atoms separated by 0.3a,, and a 
vacancy at the C PKA site. 

Along [ 11 I], no defects were produced for Si recoils at 
Epka 5 30 eV. At Epka = 35 eV, a C-C [l IO] split intersti- 
tial was found with a C vacancy at the first neighbor site to 
the Si PKA. Fig. 4 illustrates this case, and it is interesting 

Fig. 2. Si-C P Pair distribution at various temperatures [ 121. 

Table 2 
Threshold energies for defect production on Si and C sublattices 
of P-Sic vs. crystallographic directions [IO] 

Defect threshold energies 

Direction 

[OOll 

[llll 

[l IO] 

[1111 

PKA type PKA energy (eV) 

Si 35 
c 40 

Si 25 
C 25 

Si 80 
C 30 

Si 40 

to note that this event did not result in any net displace- 
ment of silicon atoms, but produces a Frenkel pair in the C 
sublattice. For C recoils, the threshold energy for defect 
production was between 20 and 25 eV, lower than for Si 
PKAs. This may be understood in terms of the crystal 
symmetry. Along [ll 11, the symmetry for C recoils is 
different from that for Si. Here, the C PKA moves along 
the cube diagonal through the tetrahedral sit without en- 
countering any atom directly in its path for a distance of 
3fi/4a,. The situation can be reversed by simulating 
trajectories along [ - 1, - 1, - 11; here a Si recoil moves a 
distance 3&/4a, without encountering an atom directly 
in its path, while a C PKA must displace its nearest 
neighbor Si atom towards the tetrahedral site in the unit 
cell. For Si recoils along [ll l] the threshold energy was 
found between 35 and 40 eV. For C PKAs, no stable 
defects were formed up to Epka = 50 eV. 

The largest difference between Si and C recoils was 
found along the [ 1101 direction. For Si PKAs, the threshold 
for defect production was found between 80 and 85 eV. At 
80 eV, the defect formed by this recoil was a C-C split 
interstitial with a C vacancy at the first tetrahedral neigh- 
boring site to the Si PKA, and the Si PKA fell back to its 
original position. After a short annealing run at 500 K 
followed by quenching of the kinetic energy of crystal, this 
defect was observed to annihilate, indicating its metastable 
nature. At 85 eV, however, the event resulted in a Si-Si 
split interstitial with a Si vacancy at the original Si PKA 
site (Fig. 5). For C recoils along [l lo], a C-C split 
interstitial was found for C PKA energy of 30 eV. No 
defects were found at Epka = 25 eV. The very high value 
of Ed in the silicon sublattice along [ 1 IO] is consistent 
with results for pure silicon [26]. 

6. High energy displacement cascades 

A 5 keV recoil was started from above the free surface 
and came to rest in the lattice approximately 50 A from the 
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surface. The box for these computations [ll] contained 
175616 atoms, and the side-length was 120 A. 

Fig. 6 shows the pair correlation functions in a region 
of disordered material before and after the cascade. The 
center of the region was chosen from a projection into two 
dimensions of the set of atoms with EP 2 0.3 eV. The 
regions are cubes with a side-length of 16 A. To calculate 
g(r), we apply periodic boundary conditions. Fig. 6a 
shows the full pair correlation function. Some broadening 
of the crystalline peaks is apparent after the cascade 

compared to the g(r) from the perfect crystal at 300 K, 
but clearly, a large degree of crystallinity remains within 
this region. Obviously, no direct-impact amorphization 
results from cascades at these energies in Sic. Fig. 6b and 
c show the partial pair correlation functions for carbon and 
silicon atoms, respectively, and for this same event. Be- 
cause the melting point of Sic is so high, the cascade 
lifetime, defined as the time during which the average 
cascade temperature remains above T,,, is extremely short 
and the system does not melt. 

Time (seconds) 

1 . I  ,  

0 5.000 ‘1 0’13 1.000 1 o-l2 1.500’lo~‘2 2.00; 0.12 

Time (seconds) 

Fig. 3. Components of the displacement vector for: (a) 30 eV Si PKA along [OOl], (b) 3.5 eV Si PKA along [0011~101 
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Fig. 4. Unit cell in which a 35 eV Si PKA along [ 11 l] is simulated (a) at t = 0, and (b) at the end of the event, t = 2.0 ps [IO]. 

This is in direct contrast with the case of silicon, in 
which the cascade results in direct impact amorphization 
[26]. Fig. 7 shows the pair correlation function for the 
atoms in the disordered region at two times, at the time 
corresponding to the maximum extent of the cascade re- 
gion, and after the system reaches thermal equilibrium 
with its surroundings. At 1.1 ps, the g(r) resembles that of 
liquid silicon. After the rapid (= 1014 K/s) resolidifica- 

tion process, the cascade region is left in the amorphous 
state, as shown by the g(r) at 8 ps. The lifetime of the 
cascade, when defined as above, is close to 2 ps, that is, 
more than an order of magnitude larger than that for the 
SIC events. 

Although these cascades do not result in direct amor- 
phization of the Sic lattice, a number of displacements 
occurs in both the silicon and the carbon sublattices. 

7 

X Lattice Coordinate 

Fig. 5. X-Y sectional view of Si sublattice for 85 eV Si PKA along [I 101 after t = 2.0 ps [12]. 
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Fig. 6. Total pair correlation function in the Sic disordered region 
(a), and partials for C (b) and Si (cl atoms [ 111. 

During the evolution of a 5 keV cascade, it is noticed that 
although the number of replacements is nearly identical in 
both sublattices during the early stages of the cascade, 
nearly twice as many carbon atoms than silicon atoms are 
displaced after the first ps. Also interesting to note is that 
the total mean square displacement has a very small value 
of only Cr* = 1900 A2, if we exclude the total distance 
traveled by the incident atom from the calculation. This 
corresponds to a mixing efficiency Dt/4F, = 1 A’/eV. 
In contrast, for 5 keV cascades in silicon, the average 

Table 3 
Vacancy numbers for 3-5 keV cascades in Sic 1111 

Fig. 7. Pair correlation function of Si at the maximum extent of 
the Si cascade (1 ps), and at equilibrium (8 ps). 

value of Cr’ is = 20000 A’.‘, corresponding to Dt/+Fu 
= 12, about an order of magnitude larger than that for Sic. 
As mentioned above, the SIC cascades result in a larger 
number of displacements in the C-sublattice than in the 
Si-sublattice. Table 3 provides some of these data, together 
with those for overlap of 3 keV cascades in Sic at 300 and 
1300 K. The vacant sites are defined as those modes in the 
crystal which have no atoms within half an atomic diame- 
ter of the site center. It is interesting to note that the 
number of vacancies in the carbon sublattice (N,(C)) is 
always at least twice that in the silicon sublattice. Simi- 
larly, the number of atoms with potential energy in excess 
of 0.3 eV above the ground state is also double in the 
carbon sublattice. It is evident from these simulations that 
the overlap of cascades in Sic results in linear damage 
accumulation, irrespective of temperature. That is, the 
number of vacancies and the number of replacements 
doubles as the number of recoils doubles, even at 1300 K. 
This appears to indicate that the damage produced by the 
cascades in Sic is extremely stable, even at elevated 
temperatures. To further test this assumption, we continued 

5 keV, 300 K 3 keV, 300 K 2 X 3 keV, 300 K 3 keV, 1300 K 2X3keV, 1300K 

N, (total) 38 22 50 23 67 
NY (C) 26 15 37 16 47 
N, (Si) 12 I 13 7 20 
N (Et, > 0.3 eV) 405 262 510 261 552 
N( 260 171 374 170 334 
Ns, 145 90 180 94 177 
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to run one of the 3 keV cases at 1300 K that contained large as 10’” n/cm’s are expected. These are enormous 
damage accumulated from two recoils. Even after 100 ps fluxes which may lead to cascade overlap effects that must 
at 1300 K, the number of atoms with Ep > 0.3 eV had not be understood and taken into consideration. Moreover, 
changed. More simulations are needed in order to properly operating conditions in the reactor are expected to be such 
evaluate the thermal stability of the damage in Sic. Never- that time intervals of 0.1 s at 1300 K will elapse in 
theless the results seem to point toward high stability of between pulses, and therefore must also be carefully un- 
damage at elevated temperatures in Sic. derstood. 

7. Accumulated damage 

Under Inertial Fusion conditions, it is expected that 
fluences as high as 30 dpa will be accumulated on the first 
wall over the lifetime of the reactor. More importantly, the 
dose will be accumulated in the form of neutron burst with 
approximately 0.1 dpa/burst. For a first wall 5 m away 
from the DT capsule, this leads to = 2.5 X lOI n/cm* at 
the first wall. Since the duration of the pulse at the location 
of the wall is expected to be = 1 ps, neutron fluxes as 

T=l300K/SOOev 

/ _, 
/ ,’ 

/‘,, 
1 ,- 

/ ,’ 
,, ’ ’ 
D 

_ _....... - 

_LL.~ / 

T = 1300 K / 1keV 

Fig. 8. Potential energy per atom in the displaced subcell versus 
number of recoils (dose) [l I]. 

Damage accumulation simulations [ 111 were performed 
by accumulating 500 eV and 1 keV .%-recoil cascades in 
the same Sic crystal at 1300 K. Each recoil is followed for 
3 ps, at which time the next recoil is introduced. For the 
conditions used, the simulated dose rate is = 10Z5 cm-* 
S ‘_ The total accumulated dose is = 2 x 10’4 
recoils/cm’. Although the simulated dose rate is larger 
than that expected in a reactor, the results should be 
indicative of the actual behavior of Sic, since, as we have 
shown above, even annealing a cascade for 100 ps does 
not lead to any morphology changes in the damage. 

Fig. 8 shows the increase in potential energy per atom 
in the region of the displacement cascade versus dose for 
up to 20 (2 X 1014) 500 eV (a) and 1 keV (b) Si recoils. 
The figure shows that damage accumulation is in fact 
linear over the complete dose range investigated, even at 
1300 K. The results clearly show that no self-annealing of 
the cascade occurs in Sic, even at elevated temperatures, 
since otherwise, the temporal and spatial interaction be- 
tween the cascades should lead to deviations from linear- 
ity. 
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